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Abstract—For full-duplex high-speed data transmission over
the two-wire line using the same frequency band, it is required
to sufficiently suppress the echo. The use of a conventional adaptation method may take a long time to train the echo canceler.
Fast training can be achieved by initializing the coefficients of the
echo canceler with an estimate of the impulse response of the echo
path. In this letter, we propose a method for fast initialization of
the echo canceler by using a circular convolution technique. The
proposed method enables the use of real-valued training signals
instead of complex-valued ones, resulting in significant reduction
of the initialization time as well as the implementation complexity.
Finally, the performance of the proposed method is analyzed and
verified by computer simulation.
Index Terms—Channel estimation, chirp signals, circular convolution, echo canceler, peak-to-average power ratio (PAR).

I. INTRODUCTION

H

YBRID couplers are commonly used for full-duplex data
transmission over the two-wire telephone line. It is necessary for high-speed data transmission to sufficiently suppress
the echo due to imperfect impedance match in the hybrid circuits. For example, V.34-class voiceband modems may need to
suppress the near-end echo as much as 65 dB below [1]. When
a conventional adaptation method such as the least mean square
(LMS) method is employed, it may require a long time to train
the echo canceler [2].
The echo canceler can significantly reduce the training time,
if it can start with a set of coefficients initialized by the estimate of the impulse response of the echo channel. There have
been proposed a number of estimation methods, including the
recursive least square (RLS) method [3], the discrete Fourier
transform (DFT) method [4], and the autocorrelation method
[5]. The RLS method can quickly provide an estimate, but it requires large computational complexity and may have unstable
convergence characteristics under certain conditions [6]. The
DFT method requires the use of simple arithmetic, while providing good performance. However, it can have some numerical problems when it is implemented using fixed-point arith-

metic. When the autocorrelation method is applied to estimation of the impulse response of the echo path, it requires the use
of training signals whose autocorrelation function has a form
of Dirac delta function [7]. Moreover, it cannot be applied directly to inband Nyquist echo canceler schemes whose input and
output are complex-valued and real-valued signals, respectively.
When a polyphase signal is used for training the Nyquist echo
canceler, it should be converted into a complex-valued analytic
signal using a phase-splitting filter [8]. To avoid the need of such
an additional phase-splitting filter, the use of complex-valued
periodic signals has been proposed [9]. In order to simultaneously estimate the impulse response of the near-end and the
far-end echo channel, the period of the training signals should
be at least twice the duration of the impulse response of the echo
path. Moreover, the estimation process needs to be done using
complex arithmetic, significantly increasing the implementation
complexity.
In this letter, we consider the use of a circular convolution
technique to estimate the impulse response of an echo path. Unlike the autocorrelation method, the training signals in the transmitter and the receiver need not be the same in the proposed
method. This flexibility in designing the training signals makes
it possible to use real-valued signals. Moreover, the period of
the training signal needs to be equal to or larger than the length
of the impulse response of the echo path. This can significantly
reduce the initialization time as well as the implementation complexity, while providing performance comparable to that of the
autocorrelation method.
In Section II, we briefly review the autocorrelation method for
echo canceler initialization. Section III describes the proposed
circular convolution method for fast initialization of a Nyquist
echo canceler. The design of real training signals is also presented. In Section IV, the performance of the proposed method
is compared with that of the previous methods in terms of the
initialization time and the implementation complexity. Finally,
conclusions are summarized in Section V.
II. INITIALIZATION BY AUTOCORRELATION METHOD
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Consider a periodic signal
given by
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whose autocorrelation is

(1)
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where
denotes circular correlation with period
is
is the power of the signal
.
Dirac delta function, and
.
Assume that the impulse response of the echo channel is
is transmitted to the channel, the output
When the signal
of the echo channel can be represented by

III. INITIALIZATION BY CIRCULAR CONVOLUTION METHOD
Consider a pair of periodic signals
and
whose
circular convolution results in a form of Dirac delta function
(6)

(2)
is additive
where denotes the convolution process, and
zero-mean noise introduced in the echo channel.
be the circular correlation of
with
Let

denotes circular convolution with period , and
where
and
are the power of
and
, respectively. Assume
is sent to the echo channel
. Taking
that the signal
with
the circular convolution of the echo channel output
, we have

(3)
Provided that the period
of the impulse response
that [5]

of

is larger than the duration
of the echo path, it can be shown

(4)
(7)
has zero mean, the impulse response of the
Since the noise
.
echo path can be estimated by taking the expectation of
Consider a complex-valued polyphase signal whose autocorrelation is a delta function [5]. When such a polyphase signal
is applied to initialization of an inband Nyquist echo canceler,
the received signal needs to be converted into a complex-valued
analytic signal [8]. The analytic signal can be obtained by employing an additional phase-splitting filter whose coefficients
are complex valued. Note that the initialization performance directly depends upon the phase splitter.
The need of an additional conversion into the analytic signal
can be avoided by using a modified complex chirp signal, the
real part of whose autocorrelation is a delta function [9]. We
Long’s signal. Assume
will call this modified chirp signal
and the period of
is . When
is sent
that
with the received
to the echo path, the circular correlation
echo signal yields

is larger than
Provided that the period of
channel is causal, (7) can be rewritten as

and the

(8)
Thus, we can estimate the impulse response of the echo channel
.
by taking the expectation of
with period can be represented by
A periodic signal
the Fourier series
(9)
where

and

are the Fourier coefficients given by

and
(5)
where the superscript denotes the complex conjugate.
can be decomposed into two parts, each of which has a duration
of and contains the impulse response of the near-end echo
path and far-end echo path. Note that the polarity of the impulse
response of the far-end echo path is reversed. Thus, the impulse
response of the echo path can be estimated by using the first
terms of
. It should be noted that this method needs to
terms to obtain the first terms. Moreover, the need
process
of complex-valued training signals results in significant increase
of the implementation complexity.

(10)
The corresponding training signal
by

is simply determined

(11)
is the discrete Fourier transform (DFT) of
where
and
denotes the inverse DFT (IDFT) of . Unlike in
and
should be
the autocorrelation method, where
the same, the training signals in the transmitter and the receiver
do not have to be the same. This flexibility in the design of
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(a)

(a)

(b)
Fig. 1. Composite square-wave signals when L = 178. (a) Impulse response
of p (n) and p (n). (b) Frequency response of p (n) and p (n).

and
enables us to use real-valued training signals.
The use of real-valued training signals significantly reduces the
implementation complexity compared to the use of complexvalued ones. Moreover, the training time with the use of training
signals with period becomes almost one half of that with the
use of Long’s training signal with period .
It is highly desirable for the training signal to be generated
by a simple method with a small peak-to-average power ratio
(PAR). For simplicity of signal generation, we can generate a
by cascading square-wave signals. Detraining signal
sign of such a square-wave signal can begin with one period
is
of a bipolar square-wave signal with period 2 , where
the duration of one symbol. Then, append another period of
a square-wave signal with period 4 to the generated signal.
In this manner, a composite square-wave signal can be generated by cascading square-wave signals whose period linearly
increases. When the remaining interval is less than one period
of a square-wave signal to be appended, zero values are simply
padded. Fig. 1 depicts the time and frequency response of

(b)
Fig. 2. Real-chirp signals when L = 178. (a) Impulse response of p (n) and
p (n). (b) Frequency response of p (n) and p (n).

and

signals generated by the proposed method when
. It can be seen that the frequency response of
and
has some magnitude fluctuation because the composite
square wave is not an ideal chirp signal [7]. Since the composite
square wave is very simple to generate, it may be quite suitable
for high-speed processing applications, such as the high-speed
digital subscriber loops (HDSL).
It can be possible to obtain the optimum estimate to use
a training signal having a flat frequency response. Complex-valued chirp signals and Long’s signal can have such a
frequency response. We consider the use of real-valued chirp
signals generated by taking the real part of a polyphase signal
(12)
is the parameter that controls the frequency response.
where
.
It is possible to obtain a flat frequency response with
, Fig. 2 depicts the time and
As an example, when

1868

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 50, NO. 12, DECEMBER 2002

TABLE II
SIMULATION CONDITIONS FOR THE HDSL-2

TABLE I
SIMULATION CONDITIONS FOR THE V.34 VOICEBAND MODEM

frequency response of
and
generated in this way.
and
is 2.11 and 3.12, respectively. Note
The PAR of
that there exists a small Gibb’s phenomenon effect at both ends
being
in the frequency response, which is mainly due to
generated in discrete time.
IV. INITIALIZATION PERFORMANCE
The initialization performance can be measured in terms of
and
be the echo signal
the residual echo power. Let
and the output of the echo canceler during the transmission of
, respectively. The power of the residual echo is
signal
(13)
By invoking the independence theorem [6], it can be shown that

Fig. 3.

Initialization time for the echo cancelers.

where and are the power of the data signal and the additive
noise term, respectively. Note that the first term in (14) can be
zeroed if the length of is properly chosen. Assuming that the
and
is the same and
, the power of
power of
the residual echo can be represented as
(15)

(14)

To evaluate the initialization performance, the proposed
-spaced echo
method is applied to initialization of a
canceler in the V.34-class voiceband modem running at a
-spaced echo canceler in
symbol rate of 3200 (Bd) and a
the HDSL-2 modem running at a symbol rate of 400 (kBd).
The performance is evaluated in terms of the initialization time
and the residual echo power after the initialization. The test
conditions for the V.34 and HDSL-2 modems are summarized
in Tables I and II, respectively.
The required time for initialization of the echo canceler in the
V.34 modem is depicted in Fig. 3 as a function of the round-trip
delay time of the far-end echo. Note that the far-end echo canceler cannot start the initialization process until the far-end echo
is returned after a certain amount of round-trip delay. Note also
that the initialization time is not linearly proportional to the
round-trip delay when the far-end echo is overlapped with the
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Fig. 4. Power of the residual echo after the initialization.
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Fig. 6. Initialization performance when applied to T =2-spaced HDSL-2 echo
canceler.

voiceband modem. It can be seen that the proposed method can
reduce the implementation complexity by more than one half of
the previous methods.
When the symbol rate is very high and low PAR is required,
as in the case of HDSL-2 applications, the use of composite
square-wave signals is quite practical for the initialization.
Fig. 6 illustrates the initialization performance when the
proposed method is applied to the HDSL-2 modem. It can
be seen that the proposed method with the use of composite
square-wave signals can properly initialize the echo canceler under high-speed and interference-dominant channel
conditions. The use of real-chirp signals can provide better
performance than the use of square-wave signals due to fewer
noise enhancement problems in the estimation process.
Fig. 5.

Computational complexity of the initialization methods.

near-end echo in the time domain. It can be seen that the proposed method can reduce the initialization time about 40 50%
compared to Long’s method. This is mainly due to the use of
the training signal having a period shorter than that of Long’s
signal.
Fig. 4 depicts the residual echo power after the initialization
as a function of the background noise level. The analytic performance given by (15) is also depicted for reference. It can be seen
that the initialization performance by the proposed method with
the use of real-valued chirp signals is quite comparable to that by
Long’s method. The use of composite square-wave signals results in performance about 2 3 dB worse than the optimum performance. However, it can still provide acceptable initialization
performance. After the initialization process, the echo canceler
can rapidly reach to the steady state by using a conventional
training method such as the LMS adaptation method. Fig. 5
compares the computational complexity per each sample of the
estimated echo response in terms of the far-end echo round-trip
delay. Note that Long’s method can also use real-valued training
signals to reduce the implementation complexity, but it may not
be applicable when the phase roll exists in the echo path as in the

V. CONCLUSIONS
In this letter, we have proposed a method for fast initialization of the echo canceler by employing a circular convolution
technique. The proposed method enables the use of real-valued
signals, having a shorter period than those of the previous ones,
which results in significant reduction in the initialization time.
Moreover, the use of real-valued training signals substantially
reduces the implementation complexity compared to the use
of complex-valued training signals. To illustrate easy application of the proposed method, we have designed two kinds of
real-valued training signals, the real-chirp signal and the composite square-wave signal. It has been shown that the use of
real-chirp signals can provide initialization performance comparable to the optimum performance, and that the use of composite square-wave signals can be effectively applied to wideband signal transmission such as the HDSL-2.
REFERENCES
[1] ITU-T, “V.34-A modem operating at data signaling rates of up to 33 600
b/s for use on the general switched telephone network and on leased
point-to-point 2-wire telephone-type circuits,” ITU-T Recommendation,
pp. 32–52, 1996.
[2] D. Messerschmitt, “Echo cancellation in speech and data transmission,”
IEEE J. Select. Areas Commun., vol. SAC–2, pp. 283–297, Mar. 1984.

1870

[3] M. L. Honig, “Echo cancellation of voiceband data signals using recursive least squares and stochastic gradient algorithm,” IEEE Trans.
Commun., vol. COM-33, pp. 65–73, Jan. 1985.
[4] J. M. Cioffi, “A fast echo canceller initialization method for the CCITT
V.32 modem,” in Proc. IEEE Globecom, Nov. 1987, pp. 1950–1954.
[5] V. Kanchan and E. Gibson, “Measurement of echo path response,” IEEE
Trans. Acoust., Speech, Signal Processing, vol. 36, pp. 1008–1010, July
1988.
[6] S. Haykin, Adaptive Filter Theory. Englewood Cliffs, NJ: PrenticeHall, 1996.

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 50, NO. 12, DECEMBER 2002

[7] A. Milewski, “Periodic sequences with optimal properties for channel
estimation and fast start-up equalization,” IBM J. Res. Develop., pp.
426–431, Sept. 1983.
[8] S. B. Weinstein, “A passband data-driven echo canceller for full-duplex transmission on two-wire circuits,” IEEE Trans. Commun., vol.
COM-25, pp. 654–666, July 1977.
[9] G. Long and F. Ling, “Fast initialization of data-driven Nyquist in-band
echo cancellers,” IEEE Trans. Commun., vol. 41, pp. 893–903, June
1993.

