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(57) Abstract: A method for transmitting data signals in full duplex with echo cancellation between a first and a second modem
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between the two modems using the echo cancellation coefficients to cancel echoes in data signals received by the first modem;
providing at least one hiatus in data symbol generation by the second modem while continuing data symbol generation by the first
modem at a time at which echo cancellation using the echo cancellation coefficients is effective in canceling echoes in data signals
received by the first modem; and updating the first modem echo cancellation coefficients during the at least one second modem
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ADAPTIVE ECHO CANCELING

FIELD OF THE INVENTION

The invention relates to canceling echoes in a communication link and in particular to
canceling echoes in a full duplex modem that simultaneously transmits and receives data
signals over a two-wire cable.

BACKGROUND OF THE INVENTION

A full duplex two-wire communication link comprises two full duplex modems
connected by a single two-wire cable, such as for example a twisted-pair, over which each
modem simultaneously transmits data signals to and receives data signals from the other
modem. Generally, the data signals that are transmitted by a modem are samples, determined
using an appropriate sampling function and sampling rate, of data symbols in a stream of data
symbols that the modem generates which represent the actual data being transmitted by the
modem. The samples are generated by sampling a product of the sampling function and the
symbols at the sampling rate as they stream through a sampling window of suitable width in
symbol periods (i.e. at any one time the sampling window contains an integral number of
symbols). The data symbols are symbols from an appropriate symbol constellation and are
organized in the data symbol stream in symbol frames. '

The transmitter and receiver of each modem in the communication link are generally
connected to the twisted-pair via a circuit known in the art as a hybrid circuit. In optimal
operation, the hybrid circuit minimizes energy from signals transmitted by the modem’s
transmitter from reaching the modem’s receiver and prevents energy from received signals
from reaching the modem transmitter. The output impedance of the modem’s hybrid also
terminates the twisted-pair. Optimally, the hybrid of each of the modems terminates the
twisted-pair with impedance substantially equal to the impedance of the twisted-pair.

In general some energy from a signal transmitted by a modem “leaks” through its
hybrid circuit to the modem’s receiver and generates an echo of the transmitted signal at the
modem’s receiver. In addition, the impedance of a twisted-pair can vary in time as a result of
changes in temperature and humidity, changes in stray capacitance of the cable or physical
damage to the cable. The output impedance of a hybrid can also vary with changes in
temperature and humidity. Optimal termination of a twisted-pair by a hybrid is therefore
generally difficult to achieve and maintain. As a result, when one modem in the two-wire link
transmits a signal to the other modem, some of the energy in the transmitted signal is reflected

back to the receiver of the transmitting modem. The reflected energy, as does the energy that
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leaks through the hybrid, generates echoes of the transmitted pulse at the transmitting

modem’s receiver.

Incoming data signals received by the modem are therefore usually mixed with and
corrupted by echoes from a plurality of outgoing data signals that the modem itself has
transmitted at times prior to the reception of the incoming data signal. In general, the amount
of reflected energy in echoes that the modem receives is substantial and energy received from
near echoes can often be greater than the energy of incoming data signals.

Most modems in a full duplex two-wire communication link therefore generally
process incoming data signals to reduce the amount of energy from echoes that corrupts the
incoming data signals. Various "echo canceling” methods for reducing echo contamination of
data signals received by a modem are known in the art. Generally, these methods involve
generating a simulated echo that provides an estimate as a function of time of the echoes that
the modem receives from data signals that the modem transmits. When a data signal is
received by the modem, the simulated echo is subtracted from the received data signal to
correct it for corruption by echoes.

The simulated echo at a particular time is generally assumed to be a linear function of a
plurality of data signals transmitted by the modem at times prior to the particular time. The
function is defined by a set of coefficients, each of which multiplies the amplitude of one of
the plurality of transmitted data signals to determine the contribution of the transmitted data
signal to the simulated echo at the particular time. The coefficients, hereinafter referred to as
“echo cancellation coefficients”, are determined for each modem of the communication link
during a half duplex training period in which the modem transmits data signals and the other
modem 1is silent. During the training period signals received at the transmitting modem '
comprise only echoes of its own transmitted data signals and noise. The echo cancellation
coefficients are determined so that after subtraction of the simulated echo from incoming
signals during the half duplex training session, the output of the modem receiver is
substantially due only to channel noise (which cannot be canceled by the simulated echo). The
determination of the echo cancellation coefficients for a modem during the half duplex training
period and generation of the simulated echo during subsequent full duplex communication are
generally performed by an appropriate processor comprised in the modem. The processor
receives signals proportional to data signals transmitted by the modem and signals from the
output of the modem receiver and processes the signals it receives to determine a suitable set
of echo cancellation coefficients. Usually, the echo cancellation coefficients are determined

using a least squares minimizing algorithm that determines values for the echo cancellation
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coefficients that minimize the square of the receiver output signals during the half duplex
training period.

Following determination of the simulated echo cancellation coefficients for each
modem, the two-wire communications link is operable to provide full duplex communication
between the two modems with echo cancellation correction of data signals transmitted between
the modems. As long as the echo characteristics of the communication link are stable and do
not change substantially, use of the echo cancellation coefficients that are determined in the
training period provides relatively efficient echo cancellation. If however, echo characteristics
of the communication link change substantially, echo cancellation using the coefficients can be
degraded and quality of communication, as measured for example by eye quality monitoring
(EQM) and post detection signal to noise ratio (PDSNR) reduced.

If quality of communication becomes unacceptable due to changes in echo
characteristics of the communication link, full duplex communication over the link is stopped
and a new training period is initiated to update the echo cancellation coefficients for the
modems and renegotiate data transmission rates. Each new training period generally interrupts
communication between the modems for a relatively extended period of time. Such
interruptions are not acceptable for communication applications that require uninterrupted data
flow between the modems.

A method for updating cancellation coefficients without interrupting full duplex
communication over a two wire communications link is described in "A New Digital Echo
Canceler for Two-Wire Full-Duplex Data Transmission" by K. H. Mueller; IEEE Transactions
on Communications; Vol. Com-24, No. 9, Sept 1976, the disclosure of which is incorporated
herein by reference. The method is also described in "The Theory and Practice of Modem
Design” by John A. C. Bingham; copyright 1988 by John Wiley and Sons Inc.; pp 371-373,
the disclosure of which is incorporated herein by reference. Whereas the method described in
the above references does not require stopping full duplex communication, the method is
relatively slow. As a result, it is not efficient for updating echo cancellation coefficients in
situations for which echo characteristics of a communication link change relatively rapidly.

SUMMARY OF THE INVENTION

Aspects of the present invention relate to providing an echo cancellation method for a
full duplex two-wire communication link that performs updating of echo cancellation
coefficients without substantially interrupting full duplex communication between the two

modems in the communication link.
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An aspect of the present invention relates to regularly updating echo coefficients for
each of the modems during relatively short periodic "update periods". Between any two
consecutive update periods, quality of communication over the communication link does not
substantially deteriorate due to changes in echo characteristics of the link.

In a preferred embodiment of the present invention, during full duplex communication
over the communication link, each of the modems periodically stops generating symbols for a
short period of time, hereinafter referred to as a “hiatus”, and as a result stops transmitting data
signals. During a hiatus of one modem the other modem continues data signal transmission
and enters an update period. The modem in the update period suspends processing incoming
signals as data signals and processes received signals, which comprise only echoes of its own
transmissions and noise, using methods known in the art, to update its echo cancellation
coefficients. At the end of the hiatus, the modem in hiatus resumes generating symbols and
transmitting data signals responsive to the symbols, thereafter the modem in update resumes
processing received signals as data signals and the communication link returns to full duplex
communication.

Whereas, the data signals transmitted by a modem are samples of symbols from a
symbol stream representing data transmitted by the modem, organization of data transmitted
by a modem and synchronization between two modems in a communication link is done by
symbol frame. Therefore, to prevent errors in data transmission, the duration of a hiatus,
hereinafter referred to as a “hiatus width”, and the time between any two consecutive hiatuses,
hereinafter referred to as a “hiatus cycle period, of a modem are preferably determined so that
they are integer multiples of a symbol frame period. In addition, to facilitate synchronization
of hiatuses and update periods and to prevent a hiatus of one modem overlapping a hiatus of
the other modem, preferably hiatus cycle periods for both modems are equal. Preferably, a
delay time between a hiatus of one modem and a following hiatus of the other modem is
constant. Preferably, the hiatus widths of all hiatuses are equal.

Unlike in prior art echo canceling methods, an echo canceling method according to
preferred embodiments of the present invention does not "wait" for quality of communication
to become unacceptable in order to update the coefficients. Therefore, between updates,
optimum values for the echo cancellation coefficients of a modem do not drift substantially
from the values of the coefficients.

As a result of updating coefficients that are generally close to their optimum values and
updating during half-duplex operation, in accordance with a preferred embodiment of the

present invention, updating is relatively more efficient and rapid than in prior art echo
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cancellation methods. Therefore, echo cancellation coefficients adjusted in accordance with a
preferred embodiment of the present invention track their optimum values, as echo
characteristics of the communication link change, with greater accuracy than echo cancellation
coefficients adjusted using prior art methods. In addition, because echo cancellation is
relatively efficient, quality communication between the modems can be consistently
maintained using a hiatus width and cycle frequency chosen so that the "hiatus duty cycle" is
relatively small. Preferably the hiatus width is less than 15 ms. More preferably, the hiatus
width is less than 10 ms. Even more preferably, the hiatus width is less than 5 ms. Most
preferably, the hiatus width is less than 3 ms. Preferably, the hiatus duty cycle is less than
0.5% so that the duty cycle for full duplex data transmission is greater than 99%. More
preferably the hiatus duty cycle is less than 0.3%, so that the duty cycle for full duplex data
transmission is greater than 99.4%. Most preferably the hiatus duty cycle is equal to or less
than about 0.1% so that the duty cycle for full duplex data transmission is equal to or greater
than 99.8%. As a result, full duplex data transmission is substantially continuous and the
hiatuses do not substantially reduce an average rate at which data is transmitted in full duplex
between the modems. It should be noted that although full duplex data transmission is stopped
for short periods of time during hiatuses, data is transmitted in half duplex during the hiatuses
so that in accordance with a preferred embodiment of the present invention data transmission
is substantially continuous.

There is therefore provided in accordance with a preferred embodiment of the present
invention a method for transmitting data signals in full duplex with echo cancellation between
a first and a second modem connected by a two-wire channel, wherein a data signal is a
function of at least one data symbol in a stream of data symbols generated by a modem
comprising:

determining echo cancellation coefficients for the first modem;

transmitting data signals in full duplex between the two modems using the echo
cancellation coefficients to cancel echoes in data signals received by the first modem;

providing at least one hiatus in data symbol generation by the second modem while
continuing data symbol generation by the first modem at a time at which echo cancellation
using the echo cancellation coefficients is effective in canceling echoes in data signals received
by the first modem; and

updating the first modem echo cancellation coefficients during the at least one second

modem hiatus.
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Preferably, the method comprises: determining echo cancellation coefficients for the
second modem; using the second modem echo cancellation coefficients to cancel echoes in
data signals received by the second modem during the full duplex data signal transmission;
providing a hiatus in data symbol generation by the first modem while continuing data symbol
generation by the second modem at a time at which echo cancellation using the second modem
echo cancellation coefficients is effective in canceling echoes in data signals received by the
second modem; and updating the echo cancellation coefficients of the second modem during
the first modem hiatus.

Preferably, the at least one second modem hiatus comprises a plurality of hiatuses.
Preferably, the method comprises updating the echo cancellation coefficients of the first
modem during each of the plurality of hiatuses of the second modem. Preferably, the at least
one first modem hiatus comprises a plurality of first modem hiatuses. Preferably, the method
comprises updating the echo cancellation coefficients of the second modem during each of the
plurality of hiatuses of the first modem. Preferably, one hiatus of the second modem occurs
between every pair of temporally adjacent hiatuses of the first modem.

Preferably, the hiatuses of the plurality of second modem hiatuses follow one after the
other at a frequency defined by a substantially constant second modem hiatus cycle period.
The hiatuses of the plurality of second modem hiatuses preferably follow one after the other at
a frequency defined by a substantially constant first modem hiatus cycle period. Preferably, the
first modem hiatus cycle period is substantially equal to the second modem hiatus cycle
period.

All the hiatuses of the plurality of second modem hiatuses preferably have a same
duration. All the hiatuses of the plurality of first modem hiatuses preferably have a same
duration. Preferably, the first modem hiatuses is equal to the duration of the second modem
hiatuses.

Preferably, data symbols in the data symbol streams generated by the first and second
modems are formatted in data symbol frames having a same frame period and the duration of
the at least one first modem hiatus is an integer multiple of the frame period. Preferably, the
first and second modem hiatus cycle periods are integer multiples of the frame period.

A time lapse between a first modem hiatus and an immediately subsequent second
modem hiatus preferably is the same for all first modem hiatuses. Preferably, updating echo
coefficients of each of the modems comprises counting frame periods from a time at which

updating of the modem coefficients began during a hiatus of the other modem and when the
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number of frames counted is equal to the number of symbol periods in a hiatus cycle period,
beginning updating the coefficients again.

Additionally or alternatively, a data signal transmitted by the first or second modem is
preferably a sample of a convolution of a sampling function and the data symbol stream
generated by the modem and samples are taken at a sampling frequency defined by a
substantially constant sampling period. Preferably, updating echo cancellation coefficients of
each modem comprises counting sampling periods from a time at which updating began during
a hiatus of the other modem and when the number of sampling periods counted is equal to the
number of sample periods in a hiatus cycle period beginning updating the coefficients again.

In some preferred embodiments of the present invention, updating echo cancellation
coefficients comprises determining at least one time at which to begin updating the
coefficients by determining when energy received by the modem decreases to an energy below
a predetermined threshold energy. Preferably, updating echo cancellation coefficients
comprises ending updating at a time at which the average energy received by the one modem
rises from below the threshold to above the predetermined threshold.

Additionally or alternatively, the predetermined threshold is preferably less than 1.3
times the average energy received by the modem from echoes and channel noise. Additionally
or alternatively, the predetermined threshold is preferably less than 1.2 times the average
energy received by the modem from echoes and channel noise. Additionally or alternatively,
the predetermined threshold is preferably equal to 1.1 times the average energy received by the
modem from echoes and channel noise.

In some preferred embodiments of the present invention, the plurality of hiatuses has a
duty cycle less than 0.5%. In some preferred embodiments of the present invention, the
plurality of hiatuses has a duty cycle less than 0.3%. In some preferred embodiments of the
present invention, the plurality of hiatuses has a duty cycle substantially equal to 0.1%.

In some preferred embodiments of the present invention, the duration of the symbol
generation hiatus is less than 15 milliseconds. In some preferred embodiments of the present
invention, the duration of the symbol generation hiatus is less than 10 milliseconds. In some
preferred embodiments of the present invention, the duration of the symbol generation hiatus
is less than 5 milliseconds. In some preferred embodiments of the present invention, the
duration of the symbol generation hiatus is less than 3 milliseconds.

BRIEF DESCRIPTION OF FIGURES
The invention will be described in the following description of non-limiting preferred

embodiments thereof read with reference to figures attached hereto. In the figures, identical
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structures, elements or parts that appear in more than one figure are generally labeled with the
same numeral in all the figures in which they appear. Dimensions of components and features
shown in the figures are chosen for convenience and clarity of presentation and are not
necessarily shown to scale. The figures are listed below.

Fig. 1 schematically illustrates the formation of echoes in a two wire communication
link comprising two two-wire full duplex modems connected by a twisted-pair;

Fig. 2 schematically shows training periods during which echo cancellation coefficients
are determined for the modems shown in Fig. 1 and subsequent retraining periods during
which the coefficients are updated, in accordance with prior art; and

Fig. 3 schematically shows updating echo canceling coefficients in the two-wire
communication link shown in Fig. 1, in accordance with a preferred embodiment of the
present invention.

DESCRIPTION OF PREFERRED EMBODIMENTS

Fig. 1 schematically illustrates the formation of echoes in a two-wire communications
link 20. Communications link 20 comprises two two-wire modems 22 and 24 connected by a
two-wire cable such as by way of example a twisted-pair 26. Modem 22 typically comprises a
transmitter 30 and receiver 32 that are connected to a hybrid circuit 34. Modem 24 typically
comprises a transmitter 36 and receiver 38 that are connected to a hybrid circuit 40. Hybrid
circuits 34 and 40 are connected to twisted-pair 26. Obviously, modems 22 and 24 may be
substantially more complicated than shown, however, only those components of modems 22
and 24 that are required for the discussion are shown in Fig. 1.

In Fig. 1, transmitter 30 of modem 22 is schematically shown transmitting data signals,
which are represented by arrows 50. Transmitted data signals 50 enter hybrid circuit 34, which
couples a portion of the energy of each data signal 50 to twisted-pair 26, over which the
coupled energy propagates on to modem 24 as an attenuated data signal represented by an
arrow 52. The energy from a transmitted data signal 50 that is not transmitted to modem 24 is
dissipated in receiver 32 and in a balancing circuit (not shown) comprised in hybrid 34. The
portion of the energy of a transmitted data signal 50 that is dissipated in receiver 32 generates
an echo, represented by wavy arrow 54, of the transmitted data signal 50 in the receiver shortly
after the data signal is transmitted by transmitter 30.

Because of mismatches between twisted-pair 26 and hybrid 40 of modem 24, some of
the energy of each attenuated data signal 52 that reaches modem 24 is reflected from the
junction of hybrid 40 with twisted-pair 26 back to modem 22. The reflected energy,

represented by a dashed arrow 56, reaches receiver 32 as an echo of the transmitted data signal
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50. If there are any impedance discontinuities along twisted-pair 26, receiver 32 also receives
echoes of a transmitted data signal 50 from energy reflected from the transmitted data signal's
attenuated data signal 52 at the discontinuities. In the above discussion of echo formation only
echoes generated by a single reflection of energy from a transmitted data signal are described.
However, reflected energy is of course itself reflected at impedance discontinuities and
receiver 32 is generally also exposed to echoes caused by multiple reflections of energy in a
transmitted data signal.

Receiver 32 of modem 22 is therefore seen to receive at least one and usually a
plurality of echoes from each data signal 50 that it transmits. As a result, during full duplex
communication over link 20, data signals received by modem 22 from modem 24 are generally
corrupted with echoes from data signals 50 transmitted by modem 22. In Fig. 1 data signals
transmitted by modem 24 to modem 22 are represented by double line arrows 58.

In order to minimize the effects of echoes on received signals and increase the accuracy
with which a signal received by modem 20 represents a data signal sent by modem 24,
generally modem 22 comprises an echo canceler. For a received signal sampled at a time t, the
echo canceler generates a simulated echo that is an estimate of the echo that corrupts the
received signal. The simulated echo is subtracted from the received signal by a summing
circuit comprised in modem 22 or receiver 32 to "cancel" echoes in the received signal.
Generally, the simulated echo is assumed to be a linear function of signals transmitted by
modem 22 at “N” sequential sampling times immediately prior to and equal to the time at
which the received signal is sampled.

Let the sampling times of modem 20 be represented by nT, where T is the sampling
interval and n is an integer from - to +co. If Ax and SEj represent respectively a transmitted

data signal and a simulated echo at sampling time kT (k = an integer), then SEy =

N : .
> A_ .Ca,,where the Ca; are constant coefficients, i.e. echo cancellation coefficients. Let

j=0 K-i
a received signal which is sampled at a sampling time kT be represented, after echo
cancellation by Si. Usually, the echo coefficients Caj are evaluated prior to data transmission
over communication link 20 by determining values for the Caj that minimize (Sk)2 during a
half duplex training period in which modem 24 does not transmit data signals so that the “true”
signal (other than reflections) is equal to 0.

Modem 24 is of course affected by noise and echoes from transmission of signals

similarly to the way in which modem 22 is affected by echoes from transmission of signals,
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and echo canceling is similarly performed by modem 24 using a simulated echo defined by
echo cancellation coefficients.

In prior art, once determined in training periods, echo cancellation coefficients for
modems 22 and 24 are used until quality of data transmission over communication link 20
becomes unacceptable due to changes in echo characteristics of the communication link. If and
when this occurs data transmission over communications link 20 is stopped and modems 22
and 24 are retrained to update values for the echo cancellation coefficients.

Fig. 2 schematically shows time sequences of training periods and full duplex data
transmission for communications link 20 and modems 22 and 24 shown in Fig. 1, according to
prior art. Since data transmission by a modem is organized and synchronized according to
symbol frames, it is convenient to discuss data transmission between modems 22 and 24 in
terms of the symbols and symbol frames that they transmit.

A top time line 70 in Fig. 2 schematically shows symbol transmission and training
periods as a function of time for modem 22. A bottom time line 72 in Fig. 2 shows symbol
transmission and training periods as a function of time for modem 24. Time lines 70 and 72
share a common time axis 74. A block arrow 76 shown at the left of each time line 70 and 72
contains a numeral identifying the modem associated with the time line.

Each time line 70 and 72 has a base line 78 crossed with vertical graduation lines 80. A
distance between any two adjacent graduation lines 80 represents a time equal to a symbol
frame period i.e. time along a base line 78 is measured in units equal to the duration of a
symbol frame period. A space 82 between any two adjacent graduation lines 80 is used to
represent a symbol frame period. An “X” 84 in a frame period 82, i.e in a space 82
representing the frame period, of a time line 70 or 72 represents a frame of symbols being
transmitted by the modem associated with the time line. For example, if modems 22 and 24
communicate according to a V.34 protocol, an X represents eight transmitted symbols. A “0”
85 in a frame period 82 of a time line indicates that the modem associated with the time line is
not transmitting at the time of the frame period.

From time t to time tj there is no data communication between modem 22 and
modem 24 and (Fig. 1) modem 24 is in an echo training period indicated by a rectangle 86
during which modem 24 determines its echo cancellation coefficients. During training period
86 modem 22 is silent and modem 24 is transmitting symbols 84 and receiving echoes from its
own transmissions. Generally, symbols 84 transmitted by modem 24 during its training period
are for training purposes only and do not comprise “real” information to be transmitted by

modem 24 to modem 22. From time t] to time tp modem 22 is in an echo training period
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indicated by rectangle 88. During training period 88 modem 24 is silent and modem 22 is
transmitting symbols 84 and "listening” to echoes of its transmissions. As during training
period 86, during training period 88 only “training information” is transmitted by modem 22.

At time ty following training periods 86 and 88 full duplex communication with echo
cancellation begins between modems 22 and 24. Echo cancellation using the echo cancellation
coefficients determined during training periods 86 and 88 is effective and quality of
cdmmunication between modems 22 and 24 is high.

By time t3 echo characteristics of communication link 20 have changed and the echo
cancellation coefficients determined in training periods 86 and 88 are no longer optimum. As a
result, quality of communication between modems 22 and 24 degrades and becomes
unacceptable. Full duplex communication stops and modems 22 and 24 undergo extended
retraining in half duplex training periods 90 and 92 during which the echo cancellation
coefficients are updated and data transmission rates between the modems renegotiated. During
training periods 90 and 92 only training information is transmitted by modems 22 and 24. At
time t4 full duplex communication over data link 20 resumes.

Fig. 3 schematically shows time sequences of training periods and full duplex data
transmission for communications link 20 and modems 22 and 24 shown in Fig. 1, according to
a preferred embodiment of the present invention. In Fig. 3 top and bottom time lines 100 and
102 schematically show training periods and symbol transmission as functions of time for
modems 22 and 24. Transmission and lack of transmission of a frame of symbols during a
symbol frame period 82 are indicated for each time line 100 and 102 by an “X” 84 and a “0”,
85 respectively. Time lines 100 and 102 share a time axis 105.

Unlike echo cancellation methods used in prior art, following an initial training period
(not shown) in which echo cancellation coefficients are calculated and transmission rates
negotiated, during subsequent full duplex communication, each modem 22 and 24 periodically
goes into a hiatus during which it stops generating symbols. Preferably, modems 22 and 24 go
into hiatuses alternately. Hiatuses for modem 22 are indicated on timeline 100 by dashed
rectangles 106 (and of course the presence of a “0s” 85) and for modem 24 on timeline 102 by
dashed rectangles 108. Similarly, a hiatus cycle period for modem 24 is indicated by double
arrowhead line 109. The dimensions of rectangles 106 and 108 parallel to time axis 105
represent the hiatus widths (i.e. time duration of the hiatuses) of hiatuses 106 and 108.

During each hiatus 106 of modem 22, modem 24 continues transmitting data symbols
84, and enters an update period represented by rectangle 110 during which it processes signals

that it receives, which are echoes of its own transmitted symbols and noise, to update its echo
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cancellation coefficients. Similarly, during each hiatus 108 of modem 24, modem 22 enters an
update period indicated by a rectangle 112 during which modem 22 updates its cancellation
coefficients. Updating may be performed using any suitable algorithm for updating echo
cancellation coefficients during half duplex communication known in the art. The dimensions
of rectangles 110 and 112 parallel to time axis 105 represent the duration of update periods
110 and 112. Synchronization of update periods 110 and 112 with their corresponding hiatuses
is discussed below.

In order to prevent errors in data transmission between modems 22 and 24 and ensure
that each modem 22 and 24 shifts seamlessly between hiatuses, update periods and full duplex
data transmission, hiatuses and update periods have to be synchronized. Widths of hiatuses
106 and 108 and hiatus cycle periods 107 and 109 must be multiples of a symbol frame period
82. A hiatus preferably begins at a time that coincides with a time at which transmission of a
symbol frame ends, i.e. at a graduation line 80. Preferably, the widths of hiatuses 106 and 108
are equal. In addition, to prevent hiatuses 106 and 108 periodically overlapping, preferably
hiatus cycle periods 107 and 109 are equal. Preferably, a time delay between a hiatus 106 of
modem 22 and a subsequent hiatus 108 is constant. Preferably, the time delay is equal to one
half hiatus cycle period 107 (or 109).

In Fig. 3 the energy of symbols 84, (i.e. the square of the amplitudes of symbols 84 to
within a constant of proportionality), that are generated by modem 22 are schematically shown
below time line 100 in a graph 120. Bold line 122 represents average energy of symbols 84
and curved line 124 schematically represents the energy of individual symbols 84 as a function
of time shown along an abscissa 126. The ordinate scale of graph 120 is arbitrary and time
along abscissa 126 is coincident with time along time line 100. The average energy of symbols
84 is of course equal to zero during hiatuses 106.

As noted above, each data signal transmitted by a modem is a function of a product of
a sampling function and a plurality of consecutive symbols in a sampling window of symbols.
The amplitude of a transmitted data signal is a weighted average (weighted by the sampling
function) of the amplitudes of the symbols in the sampling window at the time that the data
signal is generated. Energy of data signals that are generated and transmitted by modem 22
responsive to symbols 84 are schematically shown below graph 120 in a graph 130. Bold line
132 and curved line 134 represent average energy of transmitted data signals and energy of
individual transmitted data signals respectively as functions of time shown along abscissa 136.
In Fig. 3 it is assumed by way of example that hiatuses 106 (and hiatuses 108) are six frame

periods 82 long and that a sampling window used by modem 22 (and modem 24) to generate
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data signals is four frame periods long. When modem 22 is generating symbols 84, the average
energy of the data signals is substantially constant and is represented by segments of bold line
132 that are parallel to and above abscissa 136.

However, when modem 22 enters a hiatus 106, with each symbol period following the
onset of the hiatus, the number of symbols 84 in the sampling window decreases by one. As a
result, with each subsequent symbol period, the average energy of data signals transmitted by
modem 22 decreases as indicated by segments 138 of bold line 132. Following a time lapse
from the beginning of a hiatus 106 equal to the width of the sampling window, the sampling
widow is empty, the energy of transmitted data signals is zero, and the modem is “silent”. The
modem remains silent for a period of time equal to two (by way of example) frame periods,
which is the difference between the width of hiatuses 106 (six frame periods 82) and the width
of the sampling window (four frame periods 82). From a time at which a hiatus 106 ends, with
each subsequent symbol period, a symbol is added to the window and the average energy of
data signals increases, as indicated by segments 140 of bold line 132. Following a time lapse
equal to the width of the sampling window, the average energy of transmitted data signals has
regained the value that it had prior to the onset of the hiatus 106.

It should be noted that line segments 138 and 140 that represent the decrease and
increase in data signal energy are shown as straight (which implies that the sampling function
is a constant) for convenience of presentation. In practice, the sampling function is generally
not constant and different sampling functions known in the art are useable in accordance with
preferred embodiments of the present invention.

The data signals that are transmitted by modem 22, at times at which they reach
modem 24 are generally attenuated and adulterated with echoes from data signals transmitted
by modem 24 and with channel noise. Bold line 148 schematically shows the average energy
of signals received by modem 24 and curved line 150 schematically shows the energy of
individual signals received by modem 24 as a function of time shown along an abscissa 147.
The scale of the ordinate of graph 146 is arbitrary.

Bold line 148 tracks bold line 132, which in graph 130 represents the average energy of
data signals at the time that the data signals are transmitted by modem 24, relatively
accurately. However, during a hiatus 106 of modem 22, the average energy of received signals
does not become equal to zero, as does the average energy of transmitted signals. As the
energy of data signals transmitted by modem 22 decreases to zero, after modem 22 enters a

hiatus 106, energy of signals received at modem 24 plateau to a level equal to the average
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energy of signals generated by noise and echoes. The plateaus are indicated by segments 152

of bold line 150.

During times that correspond to line segments 152, modem 24 receives substantially no
energy from modem 22 and is exposed substantially only to channel noise and echoes from its
own data signals that it transmits responsive to symbols 84 that it generates (modem 24 is not
in hiatus). At times close to a plateau 152 prior to and following the plateau, data signals
transmitted by modem 22 have relatively little energy and modem 24 receives relatively little
energy from modem 24. The inventors have found therefore that for each hiatus 106 of modem
22 it is possible to perform updating of echo cancellation coefficients for modem 24 for a
period of time that begins before the plateau 152 corresponding to the hiatus and ends at a time
after the end of the plateau. In accordance with a preferred embodiment of the present
invention, each update period 110 of modem 24 begins at time after onset of a corresponding
hiatus 106 of modem 22 at which average energy of signals received by modem 24 decreases
to an energy below a predetermined threshold energy. Preferably, the. average energy of signals
received by modem 24 is determined to be below the threshold energy if during a period of
time having a predetermined duration modem 24 does not receive a signal having energy
greater than the threshold. Preferably, the update period ends at a time at which the average
energy of signals received by modem 24 increases from below the threshold energy to above
the threshold energy. Preferably, the threshold energy is less than 1.3 times the average energy
that modem 24 receives from noise and echoes. More preferably the threshold energy is less
than 1.20 the average energy of energy from noise and echoes. Most preferably, the threshold
energy is equal to or less than 1.1 time the energy from noise and echoes. The update periods
110 of modem 24 are schematically represented by dashed lines 153.

Update periods 112 of modem 22 are similarly synchronized with hiatuses 108 of
modem 24. Update periods 112 coincide with periods of time during hiatuses 108 when energy
of signals received by modem 24 is less than or equal to a predetermined threshold energy
which is proportional to an average energy expected from channel noise and echoes.

In some preferred embodiments of the present invention modem 22 or 24 locates a
hiatus of the other modem and determines when to start an update period 112 or 110
respectively by monitoring the energy of signals that it receives. When the average energy falls
below the predetermined threshold energy, the modem begins an update period.

However, all relevant time periods, i.e. hiatus widths, and hiatus cycle periods, that
govern communication between modems 22 and 24 are “quantized” in units of frame periods

82. Therefore, in accordance with a preferred embodiment of the present invention, each
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modem 22 and 24 determines when to begin a next hiatus or an update period by “symbol
counting” from a previous hiatus or update period. For example, in Fig. 3 hiatuses 106 and 108
are shown, in accordance with a preferred embodiment of the present invention, having widths
equal to six symbol frame periods 82. If, by way of example, modems 22 and 24 communicate
with each other according to a V.34 protocol, each symbol frame 84 comprises eight symbols.
Hiatuses 106 and 108, and their corresponding update periods 110 and 112 are therefore forty-
eight symbols long. Assume, by way of example, that the hiatus cycle periods 107 and 109 are
1500 frame periods long and therefore 12000 symbols long. During full duplex data
transmission, in accordance with a preferred embodiment of the present invention, each
modem determines when to start a hiatus or an update period by counting 12000 symbol
periods from its last hiatus or update period respectively.

In the above example, if the symbol rate in accordance with the V.34 protocol symbol
is 2400*10/7 symbols per second, the duration of hiatuses 106 and 108, which have hiatus
widths equal to forty eight symbols, is 14 ms long and hiatus cycle periods 107 and 109 are 3.5
seconds long. The hiatus duty cycle, in accordance with a preferred embodiment of the present
invention is therefore 0.4%.

Determining when to start update periods by “symbol counting” requires that a first
update period of each modem 22 and 24 is properly timed to coincide with a hiatus of the other
modem. In order for each modem to synchronize its first update period with a hiatus of the
other modem, in accordance with a preferred embodiment of the present invention, when full
duplex communication between modems 22 and 24 begins, each modem goes into a “hiatus
search mode”. During a hiatus search mode the modem searches for and locates a ““first” hiatus
of the other modem. Preferably, the modem locates a hiatus by determining when the energy
of signals that it receives plateau close to the average energy of signals generated by channel
noise and echoes. Once a first hiatus is located, the modem synchronizes its first update period
with the located hiatus. Thereafter, each modem 22 and 24 determines when to enter an update
period 112 and 110 respectively by symbol counting.

In some preferred embodiments of the present invention a modem determines when to
start a hiatus or update period by counting sampling periods, wherein a sampling period is a
reciprocal of the sampling rate at which data signals are generated. In these embodiments of
the present invention hiatus cycle periods and sampling periods are determined so that a hiatus
cycle period is an integral multiple of sampling periods. When counting sampling periods is

used to determine when to start hiatuses and update periods, preferably each modem
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periodically reverts to the hiatus search mode to recalibrate timing between update periods and
hiatuses and correct for any loss of synchronization between the modems.

Hiatus cycle periods 107 and 109 and the widths of hiatuses 106 and 108 are
determined, in accordance with a preferred embodiment of the present invention, so that the
"duty cycle" of hiatuses 106 and 108 does not substantially affect an average rate at which data
is transmitted between the modems. In addition, hiatus cycle time 107 is chosen, in accordance
with a preferred embodiment of the present invention, so that between hiatuses 106 and 108,
changes in echo characteristics of communication link 20 do not, generally, cause substantial
degradation in quality of data transition. As a result, echo cancellation coefficients for each
modem 22 and 24 remain current and close to their optimum values throughout data
transmission. Quality of full duplex communication between modems 22 and 24 therefore does
not generally degrade as echo characteristics of communication link 20 change. Relatively
long retraining periods during which echo cancellation coefficients having values far from
optimum are updated and data transmission rates renegotiated are avoided.

In the description and claims of the present application, each of the verbs, “comprise”
“include” and “have”, and conjugates thereof, are used to indicate that the object or objects of
the verb are not necessarily a complete listing of members, components, elements or parts of
the subject or subjects of the verb.

The present invention has been described using detailed descriptions of preferred
embodiments thereof that are provided by way of example and are not intended to limit the
scope of the invention. The described preferred embodiments comprise different features, not
all of which are required in all embodiments of the invention. Some embodiments of the
present invention utilize only some of the features or possible combinations of the features.
Variations of embodiments of the present invention that are described and embodiments of the
present invention comprising different combinations of features noted in the described
embodiments will occur to persons of the art. The scope of the invention is limited only by the

following claims.
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CLAIMS

1. A method for transmitting data signals in full duplex with echo cancellation between a
first and a second modem connected by a two-wire channel, wherein a data signal is a function
of at least one data symbol in a stream of data symbols generated by a modem comprising:

determining echo cancellation coefficients for the first modem,;

transmitting data signals in full duplex between the two modems using the echo
cancellation coefficients to cancel echoes in data signals received by the first modem;

providing at least one hiatus in data symbol generation by the second modem while
continuing data symbol generation by the first modem at a time at which echo cancellation
using the echo cancellation coefficients is effective in canceling echoes in data signals received
by the first modem; and

updating the first modem echo cancellation coefficients during the at least one second

modem hiatus.

2. A method according to claim 1 and comprising:

determining echo cancellation coefficients for the second modem;

using the second modem echo cancellation coefficients to cancel echoes in data signals
received by the second modem during the full duplex data signal transmission;

providing a hiatus in data symbol generation by the first modem while continuing data
symbol generation by the second modem at a time at which echo cancellation using the second
modem echo cancellation coefficients is effective in canceling echoes in data signals received
by the second modem; and

updating the echo cancellation coefficients of the second modem during the first

modem hiatus.

3. A method according to claim 2 wherein the at least one second modem hiatus

comprises a plurality of hiatuses.

4, A method according to claim 3 and comprising updating the echo cancellation

coefficients of the first modem during each of the plurality of hiatuses of the second modem.

5. A method according to claim 4 wherein the at least one first modem hiatus comprises a

plurality of first modem hiatuses.

17



10

15

20

25

30

WO 01/63786 PCT/IL00/00109

6. A method according to claim 5 and comprising updating the echo cancellation

coefficients of the second modem during each of the plurality of hiatuses of the first modem.

7. A method according to claim 6 wherein one hiatus of the second modem occurs

between every pair of temporally adjacent hiatuses of the first modem.

8. A method according to claim 7 wherein the hiatuses of the plurality of second modem
hiatuses follow one after the other at a frequency defined by a substantially constant second

modem hiatus cycle period.

9. A method according to claim 8 wherein the hiatuses of the plurality of second modem
hiatuses follow one after the other at a frequency defined by a substantially constant first

modem hiatus cycle period.

10. A method according to claim 9 wherein the first modem hiatus cycle period is

substantially equal to the second modem hiatus cycle period.

11. A method according to claim 10 wherein all the hiatuses of the plurality of second

modem hiatuses have a same duration.

12. A method according to claim 11 wherein all the hiatuses of the plurality of first modem

hiatuses have a same duration.

13. A method according to claim 12 wherein the duration of the first modem hiatuses is

equal to the duration of the second modem hiatuses.

14. A method according to claim 13 wherein data symbols in the data symbol streams
generated by the first and second modems are formatted in data symbol frames having a same
frame period and wherein the duration of the at least one first modem hiatus is an integer

multiple of the frame period.

15. A method according to claim 14 wherein the first and second modem hiatus cycle

periods are integer multiples of the frame period.
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16. A method according to claim 15 wherein a time lapse between a first modem hiatus

and an immediately subsequent second modem hiatus is the same for all first modem hiatuses.

17. A method according to claim 16 wherein updating echo coefficients of each of the
modems comprises counting frame periods from a time at which updating of the modem
coefficients began during a hiatus of the other modem and when the number of frames counted
is equal to the number of symbol periods in a hiatus cycle period, beginning updating the

coefficients again.

18. A method according to claim 15 or claim 17 wherein a data signal transmitted by the
first or second modem is a sample of a convolution of a sampling function and the data symbol
stream generated by the modem and wherein samples are taken at a sampling frequency

defined by a substantially constant sampling period.

19. A method according to claim 18 wherein updating echo cancellation coefficients of
each modem comprises counting sampling periods from a time at which updating began during
a hiatus of the other modem and when the number of sampling periods counted is equal to the

number of sample periods in a hiatus cycle period beginning updating the coefficients again.

20. A method according to any of claims 1-19 wherein updating echo cancellation
coefficients comprises determining at least one time at which to begin updating the
coefficients by determining when energy received by the modem decreases to an energy below

a predetermined threshold energy.
21. A method according to claim 20 wherein updating echo cancellation coefficients
comprises ending updating at a time at which the average energy received by the one modem

rises from below the threshold to above the predetermined threshold.

22. A method according to claim 20 or claim 21 wherein the predetermined threshold is

less than 1.3 times the average energy received by the modem from echoes and channel noise.

23. A method according to claim 20 or claim 21 wherein the predetermined threshold is

less than 1.2 times the average energy received by the modem from echoes and channel noise.
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24. A method according to claim 20 or claim 21 wherein the predetermined threshold is

equal to 1.1 times the average energy received by the modem from echoes and channel noise.

25. A method according to any of claims 3-24 wherein the plurality of hiatuses has a duty
cycle less than 0.5%.

26. A method according to any of claims 3-24 wherein the plurality of hiatuses has a duty
cycle less than 0.3%.

27. A method according to any of claims 3-24 wherein the plurality of hiatuses has a duty
cycle substantially equal to 0.1%.

28. A method according to any of the preceding claims wherein the duration of the symbol

generation hiatus is less than 15 milliseconds.

29. A method according to any of the preceding claims wherein the duration of the symbol

generation hiatus is less than 10 milliseconds.

30. A method according to any of the preceding claims wherein the duration of the symbol

generation hiatus is less than 5 milliseconds.

31. A method according to any of the preceding claims wherein the duration of the symbol

generation hiatus is less than 3 milliseconds.
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