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ABSTRACT

In echo cancellation, the main goal is to recover the near-end
signal from the error signal of the adaptive filter, which iden-
tifies the echo path. In this context, the Kalman filter repre-
sents a very appealing choice, since its basic criterion follows
the minimization of the system misalignment (instead of the
usual error-based cost function). In this paper, we propose a
Kalman filter with individual control factors, in terms of us-
ing a different level of uncertainty for each coefficient of the
filter. As compared to the basic Kalman filter (which imposes
the same uncertainty for all the coefficients of the impulse re-
sponse), the proposed algorithm achieves better performance,
especially in terms of the steady-state misalignment.

Index Terms— Echo cancellation, Kalman filter, system
identification, adaptive filters.

1. INTRODUCTION

The Kalman filter can be used in many system identification
problems [1], [2]. Based on the Bayesian approach, this algo-
rithm recursively estimates a set of unknown variables from
a set of (noisy) observations acquired over time. More re-
cently, the Kalman filter was also involved in the context of
echo cancellation [3]–[10]. Similar to a system identification
problem, the main goal in echo cancellation is to estimate an
unknown system (i.e., the echo path) from the microphone
signal that contains the echo signal corrupted by different
types of “noise” (e.g., the background noise and the near-end
speech) [11], [12].

Most of the algorithms used in echo cancellation are based
on the minimization of a cost function that depends on the er-
ror signal of the adaptive filter. However, in a system identi-
fication context, where the output of the unknown system is
usually corrupted by another signal (i.e., the system noise),
the goal of the adaptive filter is not to make the error sig-
nal goes to zero. The objective instead is to recover this sys-
tem noise from the error signal of the adaptive filter (after
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this one converges to the true solution). This is mandatory in
echo cancellation, where the “corrupting signal” comes from
the near-end and should be delivered (as accurately as possi-
ble) to the far-end, through the error signal. Consequently, it
makes more sense to minimize the system misalignment, like
in the Kalman filtering, instead of the classical error-based
cost function.

The Kalman filter uses a specific parameter that captures
the uncertainties in the system to be identified and acts as a
control factor. In the basic approach, this parameter has the
same value for all the coefficients of the impulse response. In
this paper, we consider a more interesting and realistic case
by using a different level of uncertainty for each coefficient,
thus resulting a Kalman filter with individual control factors.

The paper is organized as follows. In Section 2, the state
variable model for echo cancellation and the basic Kalman fil-
ter are presented. The proposed Kalman filter with individual
control factors is developed in Section 3. Simulation results
presented in Section 4 (in the context of echo cancellation)
indicate the good performance of the proposed algorithm. Fi-
nally, Section 5 concludes this paper and outlines the relation
to prior work.

2. THE KALMAN FILTER FOR ECHO
CANCELLATION

In a system identification problem, the reference (or desired)
signal at the discrete-time index 𝑛 is defined as

𝑑(𝑛) = x𝑇 (𝑛)h(𝑛) + 𝑣(𝑛), (1)

where x(𝑛) =
[
𝑥(𝑛) 𝑥(𝑛− 1) ⋅ ⋅ ⋅ 𝑥(𝑛− 𝐿+ 1)

]𝑇
is a vector containing the 𝐿 most recent time sam-
ples of the deterministic input signal, 𝑥(𝑛), superscript
𝑇 denotes transpose of a vector or a matrix, h(𝑛) =[
ℎ0(𝑛) ℎ1(𝑛) ⋅ ⋅ ⋅ ℎ𝐿−1(𝑛)

]𝑇
is the impulse re-

sponse (of length 𝐿) of the system that we need to identify,
and 𝑣(𝑛) is a zero-mean stationary white Gaussian noise sig-
nal. In the context of echo cancellation, 𝑑(𝑛) is the micro-
phone signal, 𝑥(𝑛) is the far-end (or loudspeaker) signal, and
h(𝑛) denotes the impulse response of the echo path (from
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the loudspeaker to the microphone) [11], [12]. The objec-
tive is to estimate or identify h(𝑛) with an adaptive filter

ĥ(𝑛) =
[
ℎ̂0(𝑛) ℎ̂1(𝑛) ⋅ ⋅ ⋅ ℎ̂𝐿−1(𝑛)

]𝑇
.

In order to model the system impulse response as a state
equation, we assume that h(𝑛) is a zero-mean random vector,
which follows a simplified first-order Markov model, i.e.,

h(𝑛) = h(𝑛− 1) +w(𝑛), (2)

where w(𝑛) is a zero-mean white Gaussian noise signal vec-
tor, which is uncorrelated with h(𝑛−1) and 𝑣(𝑛). The corre-
lation matrix of w(𝑛) is assumed to be Rw(𝑛) = 𝜎2

𝑤(𝑛)I𝐿,
where I𝐿 is the 𝐿 × 𝐿 identity matrix. The variance, 𝜎2

𝑤(𝑛),
captures the uncertainties in h(𝑛).

Relation (1) represents the observation equation, while
expression (2) is called the state equation. Consequently, the
echo cancellation problem may be restated based on these two
fundamental equations and the objective is to find the optimal
recursive estimator of h(𝑛) denoted by ĥ(𝑛).

Next, the Kalman filter can be derived based on this sim-
plified model defined by (1) and (2). In the context of the
linear sequential Bayesian approach, the optimal estimate of
the state vector, h(𝑛), has the form [13]:

ĥ(𝑛) = ĥ(𝑛− 1) + k(𝑛)𝑒(𝑛), (3)

where k(𝑛) is the Kalman gain vector and

𝑒(𝑛) = 𝑑(𝑛)− x𝑇 (𝑛)ĥ(𝑛− 1) (4)

is the a priori error signal between the microphone signal and
the estimate of the echo signal. Also, we can define the state
estimation error or a posteriori misalignment as

𝝁(𝑛) = h(𝑛)− ĥ(𝑛). (5)

The correlation matrix of 𝝁(𝑛) is

R𝝁(𝑛) = 𝐸
[
𝝁(𝑛)𝝁𝑇 (𝑛)

]
, (6)

where 𝐸[⋅] denotes mathematical expectation. We can also
define the a priori misalignment as

m(𝑛) = h(𝑛)− ĥ(𝑛− 1)

= 𝝁(𝑛− 1) +w(𝑛), (7)

for which its correlation matrix is

Rm(𝑛) = 𝐸
[
m(𝑛)m𝑇 (𝑛)

]
= R𝝁(𝑛− 1) +Rw(𝑛). (8)

The Kalman gain vector is obtained by minimizing the
criterion:

𝐽(𝑛) =
1

𝐿
tr
[
R𝝁(𝑛)

]
(9)

with respect to k(𝑛). From this minimization, we find that

k(𝑛) =
Rm(𝑛)x(𝑛)

x𝑇 (𝑛)Rm(𝑛)x(𝑛) + 𝜎2
𝑣(𝑛)

, (10)

where 𝜎2
𝑣(𝑛) = 𝐸

[
𝑣2(𝑛)

]
. Also, it results that

R𝝁(𝑛) =
[
I𝐿 − k(𝑛)x𝑇 (𝑛)

]
Rm(𝑛). (11)

Summarizing, the following equations define the well-known
Kalman filter [14]:

Rm(𝑛) = R𝝁(𝑛− 1) +Rw(𝑛), (12)

k(𝑛) =
Rm(𝑛)x(𝑛)

x𝑇 (𝑛)Rm(𝑛)x(𝑛) + 𝜎2
𝑣(𝑛)

, (13)

𝑒(𝑛) = 𝑑(𝑛)− x𝑇 (𝑛)ĥ(𝑛− 1), (14)

ĥ(𝑛) = ĥ(𝑛− 1) + k(𝑛)𝑒(𝑛), (15)

R𝝁(𝑛) =
[
I𝐿 − k(𝑛)x𝑇 (𝑛)

]
Rm(𝑛). (16)

The matrix Rw(𝑛) plays a major role in the performance
of the algorithm, in terms of the values of 𝜎2

𝑤(𝑛) [7], [9].
Small values of 𝜎2

𝑤(𝑛) imply a good misalignment but a poor
tracking, while large values of 𝜎2

𝑤(𝑛) (i.e., high uncertain-
ties in the echo path) imply a good tracking but a high mis-
alignment. Consequently, this parameter highly influences the
tracking abilities and the convergence of the Kalman filter.

3. KALMAN FILTER WITH INDIVIDUAL CONTROL
FACTORS

Let us refer again to (2), where w(𝑛) is a zero-mean white
Gaussian noise signal vector. In all previous studies in echo
cancellation, it is assumed that the correlation matrix of w(𝑛)
is

Rw(𝑛) = 𝜎2
𝑤(𝑛)I𝐿, (17)

i.e., all the coefficients have the same level of uncertainty.
In the proposed approach, let us consider a more interest-

ing and realistic case:

h(𝑛) = h(𝑛− 1) + w̃(𝑛), (18)

where w̃(𝑛) =
[
𝑤0(𝑛) 𝑤1(𝑛) ⋅ ⋅ ⋅ 𝑤𝐿−1(𝑛)

]𝑇
and

𝐸 [𝑤𝑘(𝑛)𝑤𝑙(𝑛)] =

{
𝜎2
𝑤𝑙
, 𝑘 = 𝑙

0, 𝑘 ∕= 𝑙
, (19)

with 𝑘, 𝑙 = 0, 1, . . . , 𝐿−1. In other words, we consider inde-
pendent fluctuations for each coefficient. Consequently,

Rw̃(𝑛) = 𝐸
[
w̃(𝑛)w̃𝑇 (𝑛)

]
(20)

= diag
[
𝜎2
𝑤0

(𝑛), 𝜎2
𝑤1

(𝑛), . . . , 𝜎2
𝑤𝐿−1

(𝑛)
]
,

where diag[⋅] denotes a diagonal matrix.
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Based on the state equation (18), we have

𝑤𝑙(𝑛) = ℎ𝑙(𝑛)− ℎ𝑙(𝑛− 1), 𝑙 = 0, 1, . . . , 𝐿− 1, (21)

so that

𝜎2
𝑤𝑙
(𝑛) = 𝐸

[
𝑤2

𝑙 (𝑛)
]

= 𝐸
{
[ℎ𝑙(𝑛)− ℎ𝑙(𝑛− 1)]

2
}
. (22)

The value of 𝜎2
𝑤𝑙
(𝑛) expresses the level of uncertainty in

ℎ𝑙(𝑛), with 𝑙 = 0, 1, . . . , 𝐿− 1.
The form of the state equation (18) leads to a Kalman fil-

ter with individual control factors (ICF-KF). The proposed
algorithm uses

Rm(𝑛) = R𝝁(𝑛− 1) +Rw̃(𝑛) (23)

instead of (12), while the rest of the equations are the same as
in the Kalman filter. Note that the ICF-KF takes into account
the variation of each coefficient from one iteration to another
(i.e., its level of uncertainty).

Following (22), a natural way to estimate 𝜎2
𝑤𝑙
(𝑛) is

𝜎2
𝑤𝑙
(𝑛) = 𝜆𝜎2

𝑤𝑙
(𝑛− 1)

+ (1− 𝜆)
[
ℎ̂𝑙(𝑛− 1)− ℎ̂𝑙(𝑛− 2)

]2
, (24)

𝑙 = 0, 1, . . . , 𝐿− 1,

with 𝜆 = 1− 1/(𝜅𝐿) and 𝜅 ≥ 1; thus, the correlation matrix
from (20) becomes

R̂w̃(𝑛) = diag
[
𝜎2
𝑤0

(𝑛), 𝜎2
𝑤1

(𝑛), . . . , 𝜎2
𝑤𝐿−1

(𝑛)
]
. (25)

Of course, we can get back to (17) by using the mean of the
parameters estimated in (24), i.e.,

𝜎2
𝑤(𝑛) =

1

𝐿

𝐿−1∑
𝑙=0

𝜎2
𝑤𝑙
(𝑛). (26)

Furthermore, using 𝜆 = 0 in (24) (i.e., without temporal av-
eraging), the mean value from (26) becomes

𝜎2
𝑤(𝑛) =

1

𝐿

𝐿−1∑
𝑙=0

[
ℎ̂𝑙(𝑛− 1)− ℎ̂𝑙(𝑛− 2)

]2

=
1

𝐿

∥∥∥ĥ(𝑛− 1)− ĥ(𝑛− 2)
∥∥∥2
2
, (27)

where ∥⋅∥2 is the ℓ2 norm.
When the algorithm starts to converge, the misalignment

of the individual coefficients tend to become uncorrelated. On
the other hand, we could encounter large variations for some
coefficients (like in a tracking situation, when the echo path
abruptly changes), which could bias the overall behavior of
the algorithm. In order to prevent this issue, we propose to
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Fig. 1. Impulse response used in simulations (the fourth echo
path from G168 Recommendation).

additionally control the estimation from (24), by imposing a
maximum level of uncertainties given in (27), i.e.,

𝜎2
𝑤𝑙
(𝑛) = min{𝜎2

𝑤𝑙
(𝑛), 𝜎2

𝑤(𝑛)}, 𝑙 = 0, 1, . . . , 𝐿− 1. (28)

Finally, we should note that another important parameter
to be found is the system noise power, 𝜎2

𝑣(𝑛). Usually, it can
be estimated during silences of the near-end talker, i.e., in
the single-talk scenario [15]. Nevertheless, the most critical
situation in echo cancellation is the double-talk case, when
the near-end signal is a combination of the background noise
and the near-end speech. In this scenario, the parameter 𝜎2

𝑣(𝑛)
can be estimated as discussed in [9], [16].

4. SIMULATION RESULTS

In the experiments, we consider a network echo cancellation
scenario, in the framework of G168 Recommendation [17].
The echo path is depicted in Fig. 1; it is the fourth impulse
response (of length 𝐿 = 128) from the above recommenda-
tion. The sampling rate is 8 kHz. All adaptive filters used in
the experiments have the same length as the echo path. The
far-end signal (i.e., the input signal) is either a white Gaussian
signal, an AR(1) process generated by filtering a white Gaus-
sian noise through a first-order system 1/(1 − 0.8𝑧−1), or a
speech signal. The output of the echo path is corrupted by an
independent white Gaussian noise with 20 dB signal-to-noise
ratio (SNR). We assume that the variance of the noise, 𝜎2

𝑣(𝑛),
is available in most of the simulations (excepting the last one,
performed in a double-talk scenario). An echo path change
scenario is simulated in all the single-talk experiments (in or-
der to evaluate the tracking capabilities of the algorithms), by
shifting the impulse response to the right by 12 samples in the
middle of each simulation. The performance measure used in
simulations is the normalized misalignment (in dB) evaluated

6017
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Fig. 2. Misalignment of the KF and ICF-KF. The input signal
is white and Gaussian, 𝐿 = 128, and SNR = 20 dB. Echo path
changes at time 10 seconds.
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Fig. 3. Misalignment of the KF and ICF-KF. The input signal
is an AR(1) process. Other conditions as in Fig. 2.

as

Mis(𝑛) = 20log10

∥∥∥ĥ(𝑛)− h(𝑛)
∥∥∥
2

∥h(𝑛)∥2
. (29)

In all the experiments, the proposed ICF-KF is compared to
the Kalman filter (KF) presented in [10].

In Fig. 2, the input signal is a white Gaussian noise. As
we can see from this figure, both algorithms have similar ini-
tial convergence rate and tracking reaction, but the ICF-KF
achieves a lower misalignment as compared to KF.

Figures 3 and 4 compare again the KF and ICF-KF this
time with AR(1) and speech signals as inputs. The ICF-KF
still performs much better than the KF, in terms of the final
misalignment.

Finally, a double-talk scenario is evaluated in Fig. 5, with-
out using any double-talk detector (DTD). The variance of the
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Fig. 4. Misalignment of the KF and ICF-KF. The input signal
is speech. Other conditions as in Fig. 2.
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Fig. 5. Misalignment of the KF and ICF-KF. Double-talk sce-
nario, without using any DTD.

near-end signal is evaluated as in [9]. It can be noticed that
both algorithms show good robustness against the near-end
speech, while the ICF-KF achieves a lower misalignment.

5. DISCUSSION

In this paper, we have proposed a Kalman filter with indi-
vidual control factors, in the context of echo cancellation. In
prior work on Kalman filter for echo cancellation, there is a
specific parameter that captures the uncertainties in the sys-
tem and has the same value for all the coefficients of the im-
pulse response. The proposed ICF-KF considers independent
fluctuations in the state equation and, consequently, it uses a
different level of uncertainty for each coefficient of the filter.
Simulation results indicate the good performance of the pro-
posed algorithm.
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