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Abstract

The thesis treats theory and implementation aspects for stereophonic acoustic echo
cancellation.

In Paperl a complete implementation of a stereophonic acoustic echo canceler
based on the two-channel fast recursive least-squares algorithm is presented. An anal-
ysis of the system calculation complexity is also given, in addition to simulation results
on recorded real-life data.

Paperl presents a comparison between adaptive filters for usage in stereophonic
acoustic echo cancellation. The comparison includes, in addition to the standard nor-
malized least mean square algorithm, the two-channel fast recursive least-squares al-
gorithm and a two-channel frequency-domain adaptive algorithm. In the paper, the
convergence rate, the calculation complexity, the signal transmission delay, and the
memory usage for the evaluated systems are shown.

Adaptive filters applied in subband structures may need to model a few non-causal
taps even if the fullband impulse response is causal. This phenomenon is analyzed
in Paperlll. Formulas to calculate the number of non-causal taps needed are also
presented in the paper.

The fundamental problem in stereophonic acoustic echo cancellation is the signal
correlation between the two channels. In Pdpeit is shown how a perceptual au-
dio coder may decrease this correlation and thereby increase the performance of the
stereophonic acoustic echo canceler.

PapeV investigates the possibilities of using joint subband filterbanks or time to
frequency-domain transforms for echo cancellation and perceptual audio coding. The
usage of joint filterbanks/transforms not only decreases the computational complex-
ity of the system, it also reduces the total signal transmission delay of the system if
properly designed.
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General Introduction

Echo: “the repetition of a sound caused by reflection of sound waves.”

Merriam-Webster’s Dictionary

Historically, echo was probably an interesting and amusing phenomenon that could
be experienced in rare places, e.g. between mountain walls in the Alps. However, to
most people today, echo is also something annoying which can occur, e.g., during a
long distance telephone call. The definition of echo is still valid though, it is all about
(delayed) reflections of sound waves.

In this thesis, methods for removing echo in communication systems are proposed.
While most of the theories presented here can be applied to reduce echoes in telephone
calls, the target application is hands-free communications systems, with dual audio
channels. Examples include stereophonic video conferencing systems and desktop
conferencing on computers with dual loud-speakers. The thesis will both consider the
theoretical problems and implementation aspects.

This partincludes general background information needed in order to get the other
parts of the thesis in a proper context. Here the underlying application is discussed,
together with notes about the historical background. The theoretical problem in echo
cancellation is shown and basic echo cancellation methods are discussed. Finally, Sec-
tion 5 summarizes the five parts of the thesis.

1 Communication System

For the purpose of this thesis, a communication system is a system that allows two or
more persons, or perhaps one person and one machine, to interact with speech over
an artificial channel, for example a telephone line. This system may also deliver other
components, such as pictures, video, documents, or any other type of media, but in this
thesis we will only discuss the audio component. The most commonly used system



2 General Introduction

in this category is of course the standard telephone system, also called the public
switched telephone network (PSTN), but in recent years many additional systems have
emerged, e.g., cellular telephones, video conferencing, and desktop conferencing.

Natural speech signals are analogue signals, and they can be modeled as contin-
uous functions, with infinitely high resolution. Such functions are very ill-suited for
today’s digital communication and computer systems. Therefore, in the systems un-
der consideration, the speech signals are sampled and quantized. This process involves
measuring the amplitude of the signal at given time intervals (sampling) and partition-
ing the signal amplitude span in sub-intervals, and representing each sub-interval with
a number (quantization). The digitized signal can advantageously be processed with
a digital system, e.g., a computer, and be transmitted via a digital communication
system, such as a modern PSTN.

The quality of the digital signal can be made arbitrarily good, by decreasing the
time between successive samples and by increasing the number of quantization inter-
vals. Since the bandwidth of the original speech signal is limited, as is the sub-group
of audio signals that are audible to humans, it is not controversial to state that high
quality sampled audio signals are extremely redundant. That is, it is possible to re-
duce the amount of data used to represent the signal without, or with very small, loss
of quality. The sampling and quantization of the analog signal can be viewed as one
form of data compression, and later in the thesis we will see other compression meth-
ods, where more mathematical methods are used to reduce the redundancy further.

Almost everyone who has made an intercontinental telephone call, or a call to a
cellular telephone in a poor network, has experienced echoes. This thesis presents
methods for how to reduce echoes in communication systems, with the emphasis on
echoes due to an acoustic coupling between the loud-speaker and the microphone.
Three papers in the thesis focus on systems with two audio channels, stereophonic au-
dio, describing why this situation is more complicated and proposes possible solutions
for stereophonic acoustic echo cancellation.

2 Echo Cancellation

Echoes in the PSTN have been a problem since the early days of telephone technol-
ogy, when the first transcontinental telephone networks were built. The long distance
between the two parties introduces a time delay to the echo signal. This delay in com-
bination with low echo attenuation reduces the perceptual quality of the system. For-
tunately, the development of high speed transmission systems in the 1920’s reduced
the problem [1].
In the 1960’s, satellite communication was introduced, and again the round-trip

delay became long enough to cause noticeable echo problems. A device called echo
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Figure 1: The echo canceler estimates the echo signal, and subtracts it from
the return signal.

suppressor which had been used for some time became the widely used solution. In
principle, the device identifies which one of the two parties who is talking, and accord-
ingly attenuates the transmitted signal in the opposite direction [2]. The disadvantage
with this solution is that major speech detection errors, results in attenuation of the
actual speech, not only the echo.

In the late 1960’s, the foundation of today’s echo eliminating technology, the echo
canceler, was invented by J. L. Kelly and B. F. Logan, and presented in a paper by M.
M. Sondhi [3]. These gentlemen also filed two patents on the same day [4], [5]. This
device adaptively estimates the echo-path transfer function, and subtracts an estimated
echo from the returning signal, Fi@j. The device requires re priori information of
the echo-path transfer function, instead it recursively estimates the echo-path transfer
function, using aradaptive filter Even though an analog implementation was pre-
sented in the same paper [3], useful implementations had to wait for improvements in
digital signal processing technology. In today’s public switched telephone network,
this type of echo canceler is standard in most transmission lines with a long enough
round-trip delay [6].

Echo only arise in situations where the forward and backward transmission lines
are not completely separated. In the PSTN, different nodes in the network are inter-
connected with a 4 wire-line, i.e., the signals from subscriber A to B are transmitted
in channels separate from the signals from subscriber B to A. At each end, beyond
the switching center in the national network, the 4-wire transmission is converted to
2-wire transmission via a hybrid coil circuit before the connection to the telephone
set, see FigR. This conversion circuit is the source of the echo, since a fraction of the
signal traveling on the A-to-B path returns on the B-to-A path. This is deroted
echa The leakage is due to impedance mismatch in the hybrid coil [1]. Because of
impedance differences between different 2-wire local telephone lines and impedance
differences between different telephone sets, perfect impedance match is not possible
to achieve. Fortunately, these echo path transfer functions are usually well modeled
by a rather short linear FIR-filter [7], and the echo can in most situations relatively
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Figure 2: Telephone network model. Telephone subscribers are connected to
the closest node in the telephone system via a 2-wire cable. A hybrid coil con-
nects the 2-wire line with the 4-wire line used in the national and international
telephone systems. The cause of the echo is leakage in the hybrid.

easily be removed from the return channel with an echo canceler. However, as men-
tioned above, it is only in the situation with significant signal transmission delay that
the echo disturbs the conversation [1]. This signal transmission delay can be caused
by the physical distance between the two subscribers, but also by advanced speech
coders and radio channel coding schemes used in e.g. the cellular telephone network.

In many situations it is an advantage if a hands-free communication system can be
used instead of a handset. Hands-free systems include video conference systems, and
also hands-free mobile telephones which are becoming a legal requirement in some
countries for using a telephone while driving a car. In these systems, there is another
cause of the echo, namely the acoustic coupling between the loud-speaker and the
microphone in the receiving room, see R3gDepending on the acoustic properties of
the room, the echo path can have a rather long impulse response (several seconds) and
the transfer function may be non-linear. The non-linearity is mainly due to non-linear
elements in the loud-speaker and the use of high-quality loud-speakers usually reduces
it to the extent where it is sufficient to use a linear model in the echo canceler. Another
significant difference from the line echo situation, is the constant change of the echo
path transfer function. The smallest change in the room, such as any movements or
even a temperature change can significantly change the echo path transfer function.
Therefore, the adaptive algorithm used to estimate the transfer function is required to
have good tracking properties.

Throughout this thesis we will use the following room definitions for a video con-
ference situation:The transmission rooyris where the excitation signal is created,
e.g., by a speaker arttie receiving roonwhere the acoustic coupling between the
loud-speaker and the microphone is the cause of the echo. That is, the echo canceler
needs to estimate the echo path in the receiving room.

In order to be able to derive an algorithm that can estimate the transfer function,
we need a mathematical model of the echo signal. We start by naming the excitation
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Figure 3: Acoustic echo: An infinite number of reflections of the loud-speaker
signal is mixed in the microphone signal.

signalx,(t), a continuous function whertedenotes the time, see Fig. Similarly,

the microphone signal is denotggkt). In Fig. 3, it can also be seen that the physical
distances for the reflections vary, and they will therefore arrive at the microphone at
different time points. Each reflection is an individually attenuated and delayed version
of the excitation signata(t). If we denote the attenuation of the sum of all reflections
with the delayr with ha(7), we can write the received signal as an integral over all
possible delay values,

Ya(t) = A ha(t)Xa(t — 7)dt + va(l), (1)

The functionh,(t) is called the impulse response of the system, &ith represents
the signals generated in the receiving room, called “useful signal” in EigThe

impulse response is said to be causal, simge) = 0 for r < 0. That is, the output
signal of the causal system is only dependent on present and past input signals.

In this thesis we will consider sampled systems, i.e. we will only have knowledge
of the signal amplitude at specific time instances. For example, if we sample the signal
Xa(t) with a time interval ofA¢, the time discrete version of the excitation sigrnéat)
can be written ag(n) = Xa(NAt), n € Z. The discrete version oflf can be written
as,

y(n) =Y hhHxn=1) + v(n). (2)

=0

In (2), the signalx(n) is filtered with the filterh(n). This filter-operation is called
convolution, and will be denoted with the symbel’* That is, 2) may also be written
as,y(n) = h(n) % x(n) + v(n).

The echo canceler should estimai@), and this estimate is denotédn). Even
if h(n) has an infinite length, i.e. infinite number of taps, the taps will decay with



6 General Introduction

time indexn. Therefore, the estimatgn) will in a practical situation have a limited
number of taps, and in the following it will hauetaps. The echo canceler will have
knowledge of the excitation signa(n), see Figl. With an impulse response estimate
h(n), the echo canceler estimates the echo signal as,

L-1
g =Y hdxmn—1). (3)
=0

By subtracting this estimate from the return signal, the echo canceler is able to cancel
the echo, and the canceled signal, sometimes called the residual echo signal, is simply,

e(n) = y(n) — y(n) = v(n). 4)

The approximation is due to the fact theh) only is an approximation df(n).
In this thesis the performance of echo cancelers is discussed. In order to do so, we
use the following performance index,

,_ Ih—h
I

(5)

where| - || denotes thé>-norm of a vector antéh = [h(0) --- h(L —1)]. This
performance index is called the misalignment and measures the mismatch between the
true and estimated impulse response of the receiving room. The misalignmentis a very
accurate measurement of the performance of an echo canceler, however, it requires
knowledge of the true impulse responkén). This knowledge is only available in
simulations, where the receiving room signgin), is artificially calculated from a
known transmission room signat(n), and known impulse respon&g€n). In this
thesis, most simulations are conducted on real-life data, where both the sigmals
andy(n) are recorded in an authentic room. In such simulations, we do not know the
true impulse responsk(n). As this function also may change over time, it is actually
impossible to derive an exact estimatehgh). In these situations, an alternative
performance index is needed.

Another performance index is the mean square error (MSE) energy of the residual
echo signal. The MSE is given by,

£ _ LPFlem) — v(M)]?
~ LPFly(n) — v(m)]?’

(6)

where LPF denotes a lowpass filter. We do not need any knowledge of the impulse
responsé(n) in order to calculate the MSE performance of a system. In the recorded
real-life data situation described above, we have no knowledge of the background
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(@)

Figure 4: Echo canceler performance example. (a) Echo sigyna). (b)
Residual echo sign&(n). (c) MSE (solid line) misalignment (dashed line).

noise or other signals generated in the receiving room, dengigdn (6). However,
if v(n) is small, it can be neglected in the calculation of the MSE.

A third popular performance index is the echo return loss enhancement (ERLE). In
principal, the ERLE can be regarded as the inverse of the (normalized) MSE) eq. (
and since the MSE has been commonly used in earlier papers investigating stereo-
phonic acoustic echo cancellation, the MSE was chosen as the preferred performance
index in this thesis.

In Fig. 4, the result of a stereophonic acoustic echo canceler in a video confer-
encing situation is illustrated. In Fig(a) the echo signal situation before the echo
canceler is plotted andl(b) is the situation afterwards. In Fig(c) the MSE and the
misalignment performance indexes are shown. In this situation, we have fair suppres-
sion of echo, however, the misalignment shows that the impulse response estimate
h(n) is far from being equal to the true impulse respon@®. How this can be pos-
sible will be discussed in the next section.
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Figure 5: Schematic diagram of stereophonic acoustic echo cancellation.

2.1 Stereophonic Acoustic Echo Cancellation

In a stereophonic conferencing system, spatial audio information is also transmitted.
Not only will the listener get a more realistic sound, but the listener will also be able
to aurally localize the speaker at the other end. Studies have shown that this improves
perception, especially when speech from several speakers overlap [8]. However, there
are now four acoustic echo paths to identify — two to each microphone, seb. Fig.
This will not only cause increased calculation complexity, but also a new fundamental
problem of the solution, as we shall see.

The fundamental problem is that the two audio channels may carry linearly related
signals which in turn may cause the normal equations to be solved by the adaptive
algorithm singular. This implies that there is no unique solution to the equations but
an infinite number of solutions and we will show that all (but the physically true)
solutions depend on the transmission room.

Four monophonic echo cancelers straightforwardly implemented in the stereo case
would not only have to track changing echo paths in the receiving mmgralso in the
transmission room!For example, the canceler has to reconverge if one person stops
talking and another starts talking from a different location in the transmission room.
There is currently no adaptive algorithm that can track such a change sufficiently fast
and this scheme therefore results in poor echo suppression. Thus, a generalization of
the monophonic AEC in the stereo case does not give satisfactory performance.

If we assume that the transmission room microphone signalsSFage given by,
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Xi(N) =gi(n)xs(n), i =1,2, (7)

wheres(n) is the source signal in the transmission room gid), i = 1, 2, are the
transmission room echo paths. The symbgldenotes convolution. For simplicity,

we will only study one return path from the receiving room to the transmission room,
but similar remarks will be valid for the other path. The residual echo for this channel,
e(n), after the echo canceleris

e(n) = y(n) — y(n), (8)
y(n) = h1(n) * g1(n) * s(n) + ha(n) * g2(n) * s(n), 9)
9(n) = hy(n) * g1(n) * () + h2(n) * ga(n) * s(n). (10)

That s, the residual echo signal, to be minimized by the echo canceler, can be written
as,

en) = {[hl(n) - ﬁl(n)] % g1(n) + [hz(n) - ﬁz(n)] x gz(n)} xs(n).  (11)

The adaptive algorithm in the echo canceler recursively tries to minimize the sum of
the squared residual echo sigrefi(n), by finding suitable values for the filtefs (n)
andho(n). As expected, one possible solutiorhign) = hy(n) andha(n) = ha(n),

but in contrast to monophonic echo cancellation, this in not the only solution. This
can be shown with a simple example. lgin) = a, g2(n) = b, hy(n) = ¢, and
ho(n) = d. Then the squared residual echo sige®h) = 0 for the true solution
h1(n) = h1(n) andhz(n) = ha(n), and for an infinite number of solutions, where the
only requirement is the following relation betweléf(n) andﬁg(n),

. b ~
hi(n) =c+ E(d — ha(n)). (12)

The relation in 12) is, in contrast to the true solution, dependenge(m) andgz(n).
Therefore, the echo canceler has to track changes in both the transmission room and
receiving room, if it is unable to find the true solution.

Let us return to Fig4. After just a few seconds the echo canceler has found a
solution that suppresses the echo with more than 20 dB. Still this is far from the true
solution, which can be seen by studying the misalignment. After 5 seconds there is
actually a change af;(n) andgz(n). Since the echo canceler has not found the true
solution, the residual echo signal increases. However, the misalignment will actually
decrease. In this simulation there is a small amount of independent background noise
added to the excitations signats(n) andxz(n). This noise is pushing the system
slowly to a solution closer to the true solution, and the misalignment will therefore
gradually decrease.
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1 2 3 4 5 6 7 8 9 10

Figure 6: The simulation in Fig4 repeated, this time the excitation signals are
processed with the non-linear function i3}, « = 1.

In Partl, Section2.1, an extensive description of the fundamental problem of
stereophonic acoustic echo cancellation is given. The problem was originally de-
scribed in [9], and then further analyzed and described in [10], [11], [12] and [13].

In [12] it is also concluded, that the practical solution to the fundamental prob-
lem of stereophonic echo cancellation is to reduce the correlation between channel
x1(n) andxz(n). This reduction must of course be performed without decreasing the
signal quality. In [12], the authors suggest that the transmission room signals can be
processed with the following non-linear functions,

X1(n) + [x1(N)|
> ;
Xa() — xa(n)| 13
5 )

wherex determines the amount of added distortion. Since the functions are non-linear,
the correlation between the channels will be reduced. For smakle distortion is
hardly audible in an office environment [14], and at the same time the non-linearity
rather efficiently reduces the channel correlation. In Bighe simulation in Fig4
is repeated. This time the excitation signals have been processedl@)itl (= 1.
Here, the adaptive filters are forced to converge to a solution that is closer to the true
solution. Therefore, the MSE is decreasing slower and the misalignment is decreasing
faster. The problem that occurs in Fgwheng;(n) andgz(n) are altered after 5 s
iIs now nearly removed. It should be noted tkat= 1 will in most situations add
unacceptable amount of distortion to the signal. It is used here, however, in order to
visualize the fundamental problem in stereophonic acoustic echo cancellation.

Other decorrelation methods have been presented. In [15], it is suggested that
shaped, independent noise is added to the two signéis andxz(n). Adding white
noise is not efficient enough, since it will either have to little energy to decorrelate the
signals or it will be unacceptable for the listener [10]. Pdpgroriginally published
as [16] at the same time as [15], presents a method where an audio coder, such as
an MPEG 1 layer 3 coder, is used to add shaped independent noise to the channels.

X1(N) = x1(N) + «

X5(N) = X2(N) + o
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Figure 7: One adaptive filter extracted from Fig.

This method is shown to efficiently reduce the correlation with only a small increase of
calculation complexity in systems where an audio coder is needed. Other decorrelation
methods have been studied in [17], [18], [19].

Stereophonic acoustic echo canceler implementations will have higher calculation
complexity requirements than monophonic implementations since four adaptive filters
with high performance algorithms are needed. In an early implementation [20], it was
chosen to use a stereophonic echo canceler for frequencies below 1 kHz and mono-
phonic echo canceler for the higher frequencies. A fullband stereophonic acoustic
echo canceler is presented in [21] and Pdpémplementations have also been con-
ducted utilizing the affine projection algorithm [22] and the two-channel frequency-
domain algorithm [23].

3 Adaptive Filtering

The echo path impulse response is estimated with an adaptive filter in the echo can-
celer, as we have seen in Fig.This is done by recursively minimizing the sum of the
squared residual echo sigreg(n). The block diagram of an adaptive filter in an echo
canceler situation is illustrated in Fig@. As is depicted in this figure, the adaptive
filter will only have knowledge of the transmission room sigixah), and the receiv-
ing room signaly(n). Internally, the adaptive filter then estimates the receiving room
impulse responséy(n), and generates the residual echo sigeal).

In an adaptive filter there is a cost function to be minimized. Usually this cost
function is equal to the sum of the squared residual echo signal,

n
Iy =Y e, (14)
1=0
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and the minimization parameters are thélter coefficients,
~ ~ ~ T
hin) =[h@©,n) --- hL-1,m] , (15)

whereh(, n) is filter tapl aftern recursive updates, arfddenotes the matrix trans-
pose operator. The adaptive filter requiresanariori information of the true impulse
responsé(n), instead it begins with an initial value, say the zero vebtd@) = O,
and recursively updates the valuedofThe gradient vector,

T
3  adm 33 (n) ] ’ (16)

VJ(n) = I:BFI(O,H) 3ﬁ(1’n) 8ﬁ(L—1,n)

describes how the cost functidrin) is affected by small changes of the estimate
straightforward algorithm for estimatirgis to use the steepest-descent method [24],

h(n+ 1) = h(n) — ©VI(n), (17)

wherep is the update step-size parameter. In order to derive the gradient Vebtoy
we need to know the first and second order statistic information of the sigtals
andy(n).

In the least mean square (LMS) algorithm the gradient vé¢ibm) is estimated
as,

VJI(n) = —x(n)e(n), (18)
where
x(n) =[x(n) -+ x(n—L+ 1)]T , (19)

andx(n) is the transmission room signal.

Since no explicit averaging is done it8), each recursive update of the LMS
algorithm will suffer from a gradient noise. That is, the filter coefficientsin) will
only on average be updated correctly, making the convergence of the LMS algorithm
slower than the steepest descent algorithm.

In the LMS algorithm, the gradient vector estimate](n), is directly propor-
tional to the transmission room sigrnadn). Therefore the convergence rate is also
proportional to the transmission room signal. This can be corrected by normalizing
the gradient estimate vector with a factor equal to the energynm, namely the
scalarx' (n)x(n). In order to avoid the risk of division by zero, or even a value close
to zeros, we regularize the algorithm with a small scalag, The filter update in the
normalized least mean square (NLMS) algorithm can then be written as,

o
XT (N)x(n) + €reg

h(n+ 1) = h(n) + x(nye(n). (20)
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The NLMS algorithm exhibits slow convergence in frequency regions (modes)
with little excitation signal energy [25]. For example, let us study the situation where
the excitation signak(n) has lower energy level in the higher frequencies than in the
lower, like e.g. a speech signal. Then the gradient vector estixiaje(n) will be
small for those modes that correspond to higher frequencies. The normalization fac-
tor, the scalax" (n)x(n), will be large due to the large energy in the lower frequencies
of x(n). Therefore the recursive updates of the modeb(f, that correspond to
small excitation signal energies, will be slow. Other algorithms, such as the recur-
sive least-squares algorithm (RLS) [24], [26], and affine projection algorithms [27],
incorporates knowledge of the spectrum of the excitation sig@) into the filter
update. These algorithms will therefore converge faster for non-white autocorrelated
excitation signals.

Adaptive filters may become unstable, i.e., instead of converging to the correct so-
lution they diverge. Usually the filter-tap estimates will then grow very rapidly. When
this happens in an echo canceler, it will not only stop removing the annoying echo,
but will also create a very strong distortion. It is therefore of greatest importance that
the adaptive filter does not become unstable. It has been mathematically proven that
the NLMS algorithm is stable for step-size values in the range @ < 2 [24]. The
RLS algorithm, on the other hand, is notorious for being unstable (in finite precision),
and without extra stabilization features, it is useless as an echo canceler. However, in
Paper andll, stabilization methods for the RLS algorithm are discussed.

In a stereophonic acoustic echo canceler, the adaptive filter is the main contributer
to the system’s calculation complexity. This is mainly due to the long adaptive filters
needed. As an example, the NLMS and the fast RLS algorithms used in [Pagoest
8L and 3Z. multiplications respectively per input sample, whéres the length of
the adaptive filter. And in a typical acoustic echo cancelemay be in the range of
one thousand to several thousands. Methods to reduce the calculation complexity are
therefore needed.

3.1 Adaptive Filtering in Subbands

One way to decrease the calculation complexity of the adaptive filters, is to introduce
a filterbank structure. Here, the fullband signa({s) andy(n) are decomposed by
an analysis filterbank into several signals with lower band-wixitfin) andym,(n) in
Fig. 8. Then one adaptive filter in each subband estimates the subband residual echo
signal, em(n), before a synthesis filterbank reconstructs the fullband residual echo
signal,e(n) [28], [29]. Filterbanks are used in several signal processing applications
and general descriptions can be found in numerous books and articles, e.qg., [30], [31],
[32], [33], [34].

If the filterbanks are not properly designed, aliasing can be a major source of
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Figure 8: Standard subband echo canceler.

distortion. In one class of filterbanks, alias distortion is allowed in the subbands sig-
nal, and this distortion is then canceled by the synthesis filterbank when the fullband
signal is reconstructed. While this is acceptable in many applications, e.g. in audio
coding, alias distortion in the subbands will significantly decrease the performance of
the adaptive filters [35]. In order to avoid aliasing, the filterbanks used in the echo
canceler are usually non-critically downsampled. That is, the downsampling factor
is less than the number of subbands. In Pdpéne real-time system had = 64
subbands and the downsampling factet 48.

The calculation complexity reduction is a result of downsampling. Even if we
need one adaptive filter for each subband, or at least half of them, each adaptive filter
can be times shorter, and they only need to be updated for edglband input sam-
ple. Efficient structures for filterbanks are available, and the calculation complexity
overhead created by the filterbank is far less than the complexity gain in the adaptive
filters. That is, from a calculation complexity viewpoint, we wish to have as high a
downsampling factor as possible.

In the filterbank, bandpass filters are needed to suppress signals outside the fre-
qguency interval of a given subband. These filters will not only add calculation com-
plexity to the system, but worse, they will also delay the signal. A higher downsam-
pling factor requires longer filters in order to suppress aliasing. Since the signal delay
is increased with filter length, the downsampling factor is partly a compromise be-
tween calculation complexity and signal transmission delay. The design of the filters
are of course crucial, and in Papea design method based on quadratic programming
is proposed. An older design method was described in [34].

An alternative subband structure, which does not introduce extra delay to the sig-
nal path has been introduced in [36]. Like the previously described structure, the



3 Adaptive Filtering 15

adaptive filters estimate the impulse responses in the subbands. Instead of performing
the compensation in the subbands, the fullband impulse response estimate is recon-
structed from the estimated subband impulse responses. Using this reconstructed full-
band impulse response, echo cancellation can be performed in the time domain with-
out introducing any extra signal path delay to the receiving room signal. The price
payed for zero signal path delay is increased calculation complexity, though it is still
lower than in the fullband LMS situation [36]. In [37], a delay-less subband structure
which is a mixture between this structure and the structure ing&rig.presented.

One peculiar effect with adaptive filtering in subband structures is that a causal
fullband impulse response may be best modeled with non-causal subband impulse
responses. Remember, a casual impulse response means that the output signal from
a system is only dependent on present and past input signals. The output signal of a
non-causal system is also dependenfudareinput signals. Non-causality in subband
structures was described in [28], and is also the topic of PiheNon-causality in
delayless subband structures was studied in [38].

3.2 Frequency-Domain Adaptive Filtering

Another way to reduce the calculation complexity of adaptive filters is to perform
the filtering in the frequency domain, Fi§. Here, the discrete Fourier transform is
used to transform blocks of the input sigraln), to the frequency domain. Then the
room transfer functiont (k), and the estimated echo sign‘&t,k), are derived in the
frequency domain, before the estimated time-domain echo signalis calculated
with an inverse discrete Fourier transform [39].

The calculation complexity reduction comes from the fact that convolution in
the time-domain is equal to multiplication in the frequency domain, including the
availability of efficient discrete Fourier transform structures, usually denoted the fast
Fourier transform (FFT) [40], [41]. An FFT of side can be computed Wit% log, L
multiplications [42]. If we are to calculate estimated echo samples using the time-
domain convolution in3), L2 multiplications are needed. In the frequency domain,
the convolution is replaced with multiplication, i.¥n(k) = Hm(k)Xm(k). Since
multiplication in the discrete Fourier domain actually corresponds to circular convo-
lution in the time domain [42]L zeros must be appended in each FFT in order to
avoid time-domain aliasing. Therefore, in total we neédr@ultiplications for the
actual filtering, plus R log, 2L multiplications for the FFT and the inverse FFT. That
is, the larger the block-size, the bigger calculation complexity reduction compared
to time-domain convolution. Since the algorithm is block-based, it will impose a de-
lay to the transmission signal, and as for the subband echo canceler, this is the biggest
disadvantage with a frequency-domain-based echo canceler.

It was earlier described that some fullband adaptive filters have slower conver-
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Figure 9: Frequency-domain-based echo canceler.

Delay

gence rate for signals with larger energy in some frequency regions than others. For
the NLMS algorithm, it is due to the fact that the same normalization factor was used
for all modes. In a frequency-domain echo canceler, we may have an individual nor-
malization factor in each frequency region [43], and therefore, the convergence rate
in frequency regions where the excitation signal has less energy can be significantly
improved over a fullband NLMS algorithm.

In [44], [45] and [46] a delayless frequency-domain adaptive filter algorithm is
presented. Like for the delayless subband based echo canceler, the price payed for
zero signal path delay is increased calculation complexity.

3.3 Two-channel Adaptive Filtering

A direct generalization of the single channel NLM3&0)) to a two channel version
that is suitable for the structure depicted in Fags presented below. In a situation
where the two excitation signalg andxy are statistically independent, this version
is actually equivalent to a single channel NLMS filter with the double adaptive filter
length.

e(n) = y(n) — x{ ha(n) — xJ ha(n), (21)
o _ K M . L
hi(n+ 1) = hj(n) + xle n ngzx. en), 1=12 (22)

In Papen a two channel fast RLS algorithm is used. This algorithm was introduced
in [47] and, in contrast to the two channel NLMS algorithm, it compensates for both
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correlation within each channel and cross-correlation between the two channels.

In Paperll, a comparison is conducted between the two algorithms above, and
a two-channel frequency-domain algorithm. The latter was introduced in [48] and
further described in [49]. This algorithm also compensates both for correlation within
each channel and cross-correlation between the two channels.

In [50], a multi-channel affine projection algorithm is introduced and in [51] a
stereophonic acoustic echo canceler based on the affine projections algorithm is eval-
uated.

4 Audio Coding

In the digital world, the originally continuous audio signals are represented with quan-
tized samples. As the information in these samples is very redundant, audio compres-
sion algorithms are commonly used to reduce the redundancy. One class of audio
compression algorithms is denoted perceptual audio coders, and several different per-
ceptual audio coders have been presented, and published [52], [53], [54], [55], [56],
[57] and [58]. In this thesis we are interested in two possible combination gains when
both an echo canceler and a perceptual audio coder are used. First, the performance
of the stereophonic echo canceler can be increased if the audio coder reduces the cor-
relation between the two excitation signals, which can actually be the effect of using

a perceptual audio coder. Secondly, both the audio coder and the echo canceler may
use filterbanks or transforms, and by jointly designing these, we may be able to reduce
both calculation complexity and signal transmission delay.

In an audio coder, a model of the human ear is used for determining what is audible
and what is not. Strong audio components will namely mask weaker components that
are close in time and frequency [59]. Therefore, the audio coder starts by estimating
the global masking threshold, a function of time and frequency which describes the
minimum energy needed for a specific tone to be audible, seelBigHaving this
knowledge, we need only to store/transmit tones that are stronger than this masking
threshold. The compression algorithms in audio coders are usually not loss-less, i.e.
it is not possible to reconstruct the original signal exactly, only a signal that hopefully
sounds like the original signal.

To be a little bit more specific. In order to reduce the amount of data in an audio
signal we need to increase the quantization interval. When a signal is quantized, it can
be modeled as if quantization noise is added to the signal. In an audio coder, short
segments of the signal are transferred to the frequency domain, and the frequency bins
are then quantized with the restriction that the level of the quantization noise should
be below the global masking threshold.

In this thesis two possible gains which result from combining an echo canceler and
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an audio coder are discussed. The first is about the fundamental problem of stereo-
phonic acoustic echo cancellation. In Sectihd it was shown that the fundamen-

tal problem is due to the fact that the two excitation signal) andx2(n) can be
strongly correlated. If a perceptual audio coder is used, it may add independent quan-
tization noise to the two channels, and thereby decreasing the correlation between the
two channels. This is analyzed in Pajpérfor both an MPEG 1 layer Il [55] and an
MTPC [60] audio coder.

The second possible gain is to use a joint filterbank or transforms for the audio
coder and the echo canceler. As is described above, the audio coder needs to decom-
pose the signal in order to increase the frequency resolution. This is usually done
either with a filterbank [32], [55], [61], or with a modified discrete cosine transform
(MDCT) [62], [63]. In PaperV, we analyze what gains are possible by combining
a subband based perceptual audio coder with a subband echo canceler and a MDCT
based coder with a frequency-domain echo canceler.

5 Outline of the Thesis

The thesis consists of five papers, out of which two focus on stereophonic acous-
tic echo cancellation, the third analyses impulse responses in a subband based echo
canceler, the fourth describes how an audio coder may enhance the performance of
a stereophonic acoustic echo canceler and the fifth finally shows how to combine an
echo canceler and an audio coder. Although the papers are written independently of
each other and are self-contained, we have tried to be as consistent as is possible with
the notation.
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Paper| - A Real-time Implementation of a Stereophonic Acoustic
Echo Canceler

The aim of this paper is to propose a structure for a stereophonic acoustic echo can-
celer suitable for a real-time implementation. The paper starts by describing the fun-
damental problems of stereophonic acoustic echo cancellation, and discusses some
possible methods for solving these problem.

In earlier work [47], the two-channel fast recursive least-squares (FRLS) algo-
rithm has been derived, and this algorithm has shown fast convergence properties for
the ill-conditioned stereophonic echo cancellation problem. Therefore, this algorithm
was chosen for the implementation, and the algorithm is also presented in the paper.
The two-channel FRLS algorithm has two major disadvantages, instability problems
and high calculation complexity. In the paper, a two-path adaptive filter is proposed
to be used in order to mitigate instability. With this filter, we will not always use the
latest FRLS adaptive filter impulse response estimate, but ratheesianpulse re-
sponse estimate. That is, in a situation where the FRLS adaptive filter is becoming
unstable, an earlier impulse response estimate is used until the FRLS adaptive filter
has reconverged.

The high calculation complexity of the FRLS adaptive filter is reduced by applying
the filters in a subband structure. Here the signals are decomposed, with a filterbank,
into several subband signals, each one approximately corresponding to a given fre-
quency region. Then one adaptive filter is applied in each subband. In the paper, an
efficient structure for filterbanks with non-critical downsampling is described. Also
described is a filter design method for the prototype filter needed in the filterbank. The
design method is written as a minimization problem, and it is shown how quadratic
programming can be used to solve the minimization problem. Prototype filters de-
signed with this method generally have fewer coefficients than filters designed with
other methods, e.g. [34]. An intuitive table, exemplifying the calculation complexity
reduction achieved with the filterbank structure, is also given.

In a simulation section, we once again return to the fundamental problem of stereo-
phonic acoustic echo cancellation. Simulations performed on real-life recorded data
show how the channel correlation can be reduced with the earlier discussed methods.
It is also shown that the fundamental problem is not only a theoretical problem, but
also a severe problem in e.g. a quiet office environment. Other examples study the
convergence rate of the adaptive filters in individual subbands, and it is discovered
that the two-channel FRLS is significantly better than the NLMS algorithm, mainly in
the frequency region 0-4 kHz. Therefore, it is proposed that the NLMS algorithm is
used in the upper frequency region, thereby reducing the instability problems and the
high calculation complexity inherent with FRLS algorithm.

Areal-time implementation of the system has been constructed, and the implemen-
tation has been used for perceptual evaluations. This implementation is also discussed
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in the paper.

The paper has been co-authored with Steven Gay, Toraasl& “and Jacob Ben-
esty, and it has been accepted for publication [64]. The paper in the thesis has been
extended with Appendi® and E, where parts of AppendikE has been presented
in [65]. Parts of the results presented in the paper is also published in [21], and pre-
sented at [66], [67].

Paperll - Comparison of Different Adaptive Algorithms for Stereo-
phonic Acoustic Echo Cancellation

This paper compares different two-channel adaptive algorithms for stereophonic acous-
tic echo cancellation. The comparison includes convergence rate, tracking, calculation
complexity, transmission signal delay and memory usage.

Since the first echo canceler was presented in the 1967 [3], the NLMS algorithm
has, without competition, been the most commonly used adaptive algorithm. The
performance of the NLMS algorithm is sufficient in most monophonic echo cancelers.
However, it has been shown that NLMS has too slow convergence rate in stereophonic
echo cancelers. Nevertheless, the NLMS algorithm is often used as the base algorithm,
to which other algorithms are compared. This is also done in this paper.

In recent years, several two-channel and multi-channel versions of adaptive algo-
rithms have been derived [47], [50], [48]. In addition to the two-channel version of
the standard NLMS, the paper evaluates two other algorithms, namely the two-channel
fast recursive least-squares (FRLS) and a two-channel frequency-domain algorithm.
The two-channel FRLS algorithms is used in Pdp&ve know from this work that the
FRLS algorithm has a very fast convergence rate, but severe disadvantages as instabil-
ity problems and high calculation complexity. In this paper, stabilization methods are
discussed, including a method that in most cases detects in advance if the FRLS algo-
rithm is about to become instable. The paper also includes a section on how filterbanks
can be used in order to reduce the calculation complexity.

The two-channel frequency-domain algorithm is a block-based algorithm, i.e. blocks
of the input-signals are transformed by a discrete Fourier transform from the time do-
main to the frequency domain. The adaptive filtering is then performed in the fre-
quency domain. Therefore, we can have individual adaptive step-size parameters in
each frequency bin, thereby increasing the convergence rate for frequency regions with
low signal energy in comparison with the standard NLMS algorithm. Moreover, in the
two-channel frequency-domain algorithm, the cross-correlation between the channels
is also taken into account. In the paper, it is also discussed how the convergence rate
can be increased by overlapping input data.

To have an exhaustive example, including all possible values on all parameters
Is of course outside the scope of this paper. Instead, examples on a practical usable
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parameter set is given. For this parameter set, the calculation complexity, the signal
transmission delay and the memory usage is given for both fullband and subband
versions of the NLMS and the two-channel FRLS algorithm, and for a two-channel
frequency-domain algorithm. Examples of convergence rate and tracking on real-life
recorded speech signals are given for all systems except the fullband two-channel
FRLS.

The paper has been co-authored with Jacob Benesty, Toareslés and Steven
Gay, and has been published in [68].

Paper Il - Analysis of Subband Impulse Responses in Subband
Echo Cancelers

In a subband echo canceler, the sighals are decomposed into several subband sig-
nals, with one adaptive filter in each subband. It has previously been shown that a
causal fullband impulse response is best modeled by non-causal subband impulse re-
sponses [28], [29]. In this paper, we analyze the rationale of this non-causality.

For adaptive filters in subband schemes we usually make a distinction between an
open-loop and a closed loop structure. In the open-loop structure the residual signals
in each subband are minimized individually, whereas in the closed-loop structure, the
fullband residual signal is minimized. The open-loop structure is the most commonly
used in subband echo cancelers, and it is also the impulse responses of this structure
that is analyzed in this paper. Since each subband is minimized individually, without
interaction from signals in other subbands, it is also possible to analyze them sepa-
rately. The paper begins with describing the model in order to analyze one subband
and to model non-causal filter taps with a causal adaptive filter, we introduce a delay
A to the transmission room signal.

In the paper, several different situations are analyzed. It starts out with a com-
pletely ideal situation, where it is assumed that both the filters used in the subband
filterbank and the adaptive filter are allowed to be non-causal and of infinite length.
The filterbank is also ideal in the sense that it has an perfect frequency response, with
the amplification of either 1 or 0. It is shown that in this situation the non-causal taps
can be viewed as a result of interpolation.

Next an expression for the transfer function of the subband impulse response when
the filterbank is non-ideal, i.e. a realizable filterbank is used. The adaptive filter can
still be non-causal and of infinite length. This is denoted the Wiener solution. Even
if the uncertainty is too large for a general solution of the transfer function, a couple
of different situations are studied. It is concluded that the transfer function can have
values that significantly differ from the expected value close to the band edges. These
transfer functions are best modeled with non-causal filters.
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Finally, the minimum mean square error solution is derived for a fully realizable
system. It is shown that the transfer function can be significantly different from the
Wiener solution in frequency regions that are close to the band edges of the subbands.
Actually, since the signal energy is close to zero, the transfer function may have a near
arbitrary shape close to the band edges. With formulas given in the paper, it is also
possible to calculate the optimal number of non-causal tAp&r a given filterbank
and a given fullband impulse response.

It is a well known fact that the NLMS adaptive algorithm has a slow convergence
rate for signals with a large eigenvalue spread [24]. In a subband system, this will
be the case, since the signal energy close to the band edges are close to zero. What
implications this has on the number of non-causal taps is also analyzed.

In the paper, simulation examples are given for the ideal situation, and also min-
imum mean square error solution, showing the need for non-causal filter taps. Other
simulations show the behavior of systems with an NLMS or an RLS adaptive filter.
The number of non-causal taps needed as a function of number of subbands for a
typical system configuration is also plotted in a figure.

The paper has been co-authored with Tomasgkr, and has been submitted for
publication [69]. Parts of the results are also published in [70].

Paper IV - Influence of Audio Coding on Stereophonic Acoustic
Echo Cancellation

This paper presents a method to reduce the correlation between the right and the left
channel in a stereophonic hands-free communication system. Correlation reduction is
needed since the non-uniqueness problem in stereophonic acoustic echo cancellation
is exactly due to the channel correlation. The method in this paper uses a perceptual
audio coder in order to decrease this correlation.

The paper starts with a description of the fundamental problem in stereophonic
acoustic echo cancellation and why channel correlation reduction is the only solution
to this problem. It is also discussed how the magnitude coherence function is a good
measurement of the channel correlation and thereby of how efficiently a decorrelator
reduces channel correlation. This is also verified with simulations.

Even if the results in the paper apply to perceptual audio coders in general, the
layer Ill audio coder in MPEG-1 and 2 is used both in the context of describing how
a perceptual audio coder can be used to reduce the correlation and in the simulations.
It is shown that one of the fundamental principals of the audio coder actually is to
add none-perceivable quantization noise to the signals. This since the coder estimates
the global masking threshold, i.e., a function of time and frequency that describes the
energy needed for a tone to be audible for humans when it is masked by other tones.
The source signal is then quantized as much under the restriction that the quantization
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noise should have less energy than the global masking threshold. By adding quantiza-
tion noise to the signals, we will also decorrelate the signals.

It is also found that the quantization level is not optimal, in the sense that a coder
never adds a maximal amount of none-perceivable quantization noise. Because, if
each component were to be individually maximally quantized, the overhead informa-
tion needed to describe how each component is quantized would be too large. There-
fore, several components will use the same quantization scheme. For some compo-
nents, this will result in quantization noise far below the masking threshold. By adding
noise to these components, it is possible to reduce the channel correlation even further.

It is also shown how an MPEG audio coder, and a modified MPEG audio coder
reduces the magnitude coherence function between two channels of recorded real-life
speech signals. The magnitude coherence function of the output signal of the standard
and the modified MPEG audio coder are compared with an unprocessed signal, and
a signal that has been processed with the non-linear function presented in [12] (also
used in Papel). The performance of a stereophonic acoustic echo canceler, given as
the misalignment error of the impulse response estimate, is also shown for a system
without a decorrelator, and for systems with the three decorrelation methods discussed
above.

The paper has been co-authored with Tomasskr and has been published
in [16]. This work has been supported be Telia Research AB, and the method has
been patented by Telia AB [71].

PaperV - Joint Filterbanks for Echo Cancellation and Audio Cod-
ing

This paper investigates the possibilities of combining the filterbanks or the transforms
of an echo canceler and a perceptual audio coder. Possible gains are a reduction of the
total signal transmission delay and reduced calculation complexity.

One class of perceptual audio coders uses a filterbank to decompose the signal
into narrow-band subband signals. In a subband based echo canceler, a filterbank is
also used in order to decompose the signal, and it would be advantageous to use one
filterbank for the two systems. However, the two filterbanks used are fundamentally
different. In the audio coder the filterbank usually use critical downsampling, i.e.,
the same number of subbands as downsampling factor. This results in downsampling
aliasing. Aliasing is not a problem in the coder, and the aliasing is canceled when the
fullband signal is reconstructed by decoder. On the other hand, the performance of
the adaptive filter in an echo canceler will decrease on signals with significant amount
of aliasing [35]. Therefore, typically a non-critically downsampled filterbank with
high suppression of aliasing components is used in filterbank based echo cancelers. In
the paper, two possible solutions are proposed. To start with, a modified audio coder
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filterbank, with non-critical downsampling, that can be used for the echo canceler is
presented. The modification is such that the output of a standard audio coder filterbank
can be reconstructed with a trivial operation. Secondly, a method to convert subband
signals directly between a critically downsampled audio coder filterbank and a non-
critically downsampled echo canceler filterbank.

In some modern perceptual audio coders, such as the AAC coder [52], the fre-
guency resolution is increased by interchanging the filterbank for a modified discrete
cosine transform (MDCT). In the paper, it is shown that this transform can be writ-
ten as a function of a discrete Fourier transform. Therefore, it can be of interest to
combine a MDCT based audio coder with a frequency-domain adaptive filter (FDAF)
based echo canceler. Methods how to combine these two systems are evaluated in
the paper. Situations where joint transforms are unwanted are also discussed, and it
is concluded that in these situations, the system designer should at least use a block
based adaptive filter for the echo canceler and common buffers for the audio coder and
the echo canceler, in order to reduce the signal transmission delay.

Also in the paper, the calculation complexity, the signal transmission delay and
the adaptive filter convergence rate examples are given for the discussed system com-
bination.

This paper is authored by Peter Eneroth and has been submitted to [72].
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A Real-time Implementation of a Stereophonic
Acoustic Echo Canceler

Abstract

Teleconferencing systems employ acoustic echo cancelers to reduce echoes
that result from the coupling between loudspeaker and microphone. To enhance
the sound realism, two-channel audio is necessary. However, stereophonic acous-
tic echo cancellation (SAEC) is more difficult to solve because of the necessity to
uniquely identify two acoustic paths, which becomes problematic since the two
excitation signals are highly correlated. In this paper a wideband stereophonic
acoustic echo canceler is presented. The fundamental difficulty of stereophonic
acoustic echo cancellation is described and an echo canceler based on a fast re-
cursive least squares (FRLS) algorithm in a subband structure, with equidistant
frequency bands, is proposed. The structure has been used in a real-time imple-
mentation, with which experiments have been performed. In the paper, simula-
tion results of this implementation on real life recordings, with 8 kHz bandwidth,
are studied. The results clearly verify that the theoretic fundamental problem of
SAEC also applies in real-life situations. They also show that more sophisticated
adaptive algorithms are needed in the lower frequency regions than in the higher
regions.

Based on: P. Eneroth and S. Gay and @an€lér and J. Benesty “A Real-time Implementation of
a Stereophonic Acoustic Echo Cancel®#EEE Trans. Speech and Audio Processiaccepted
for publication.

This work was partly done at Bell Labs, Lucent Technologies.
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1 Introduction

In conferencing systems, such as teleconferencing and desktop conferencing, Acous-
tic Echo Cancelers (AECs) are needed to reduce the echo that results from the acoustic
coupling between the loudspeaker and the microphone. The AEC identifies the echo
path and simultaneously reduces the echo by means of adaptive filtering. If the con-
ferencing system has dual audio channels in each direction, the classical monophonic
AECs will not provide sufficient echo suppression, and more sophisticated stereo-
phonic acoustic echo cancelers (SAECRS) are needed. In this paper, we will show
the fundamental problem of stereophonic acoustic echo cancellation (SAEC), possi-
ble solutions, and propose a structure that has proven to perform well in a real-time
implementation.

In a stereophonic conferencing system, spatial audio information is also transmit-
ted. Not only will the listener get a more realistic sound, but the listener will also
be able to aurally localize the speaker at the other end. Studies have shown that this
improves perception, especially when speech from several speakers overlap [1]. How-
ever, there are now four acoustic echo paths to identify, two to each microphone,
Fig. 1. This will not only cause increased calculation complexity, but also a new
fundamental problem of the solution, as we will see.

Four mono AECs, straightforwardly implemented in the stereo case, not only
would have to track changing echo paths in the receiving rbotalso in the trans-
mission room!For example, the canceler has to reconverge if one talker stops talking
and another starts talking at a different location in the transmission room. There is
no adaptive algorithm that can track such a change sufficiently fast and this scheme
therefore results in poor echo suppression. Thus, a generalization of the mono AEC
in the stereo case does not result in satisfactory performance.

The theory explaining the problem of SAEC was first described in an early paper,
[2] and later on in [3], [4]. The fundamental problem is that the two channels usually
carry linearly related signals which in turn make the normal equations to be solved
by the adaptive algorithm singular. This implies that there is no unique solution to
the equations but an infinite number of solutions and it can be shown that all (but the
physically true) solutions depend on the transmission room. In [4] it is also shown that
the only solution to the non-uniqueness problem is to reduce the correlation between
the stereo signals from the transmission room and an efficient low complexity method
for this purpose was also given.

Lately, attention has been focused on the investigation of other methods that de-
crease the cross-correlation between the channels in order to get well behaved esti-
mates of the echo paths, [5], [6], [7], [8]. The main problem is how to reduce the
correlation sufficiently without affecting the stereo perception and the sound quality.

Even though the above methods may improve the SAECR’s ability to find the
true solution, the normal equations to be solved are still ill conditioned. The standard
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Figure 1: Schematic diagram of stereophonic acoustic echo cancellation.

Normalized Least Mean Square (NLMS) adaptive algorithm is known to converge
slowly in these situations. More sophisticated algorithms such as the Affine Projection
Algorithm (APA) or the Recursive Least Squares (RLS), that are less affected by a high
condition number, are preferred in SAECRs. The combination of four adaptive filters
per AEC and sophisticated adaptive algorithms results in high calculation complexity,
imposing the need for a subband structure.

In the following, we will explain the fundamental problem with SAECRs and pos-
sible solutions. We will propose a high-performance SAECR structure, that has been
verified in a real-time implementation. Finally we will show and discuss results from
real-life recordings using the proposed structure.

2 Problems and Solutions of Stereophonic Acoustic
Echo Cancellation

In stereophonic acoustic echo cancellation, there are four independent transmission
paths between the two microphones and the two loudspeakerdl,. Fithe impulse
responses of all four echo paths need to be estimated by the echo canceler. Usually
the two transmission room signalg,(n) andxz(n), originate from the same source,

and are therefore highly correlated. Because of this, it is difficult to estimate the im-
pulse responsesy n(n) andhy n(n). The circumstances under which convergence

to the true echo paths of a SAECR is achieved has been thoroughly analyzed in [4].
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A problem formulation and a summary of methods to reduce the correlation between
the channels are given below.

2.1 Problem Formulation
Assume that the transmission room microphone signals are given by, Fig.
Xi(n) =gi(n)*sn, i =1,2, 1)

wheres(n) is the source signal in the transmission room gnah), i = 1,2, are

the transmission room echo paths of lenlyth The symbol %” denotes convolution.

For simplicity, we will only study one return path from the receiving room to the
transmission room, but similar remarks will be valid for the other path. The residual
echo for this channeé&(n), after the EC is

e(n) = y(n) — AL (mxg,L(n) — S (mxz L), )

y() = h{' xo,n (M) + hi  x2.n (), (3)

hin=[ho ... hin-1]" (4)

xinm =[x ... xmn-N+D]" (5)
Here,hi n, i = 1,2 are the true responses of lendthof the receiving room and
ﬁi,L(n), I =1, 2 are the estimated responses of lengtiThe symbolH denotes the

Hermitian transposition operator. Minimization of the weighted least squares criterion
n
Jmy=>"a"e®, 0<aczx1, (6)
=1

results in solving the system of linear equations [9]

hoe(m]
Rxx(Nn) [ﬁZ,L(n)] = ryx(n), (7)

whereryx(n) is the estimated cross-correlation vector dg(n) is the estimated
correlation matrix,

n
B not [xuexE o) Xl,L(l)X;L(I)]
RXX(”)‘EA [XZ,L<I)xEL<I> xa. (X ()] (®)

The challenging problem with stereophonic acoustic echo cancellation lies in the con-
dition number of this matrix. If we define the misalignment as

e(n) = |lh — h(ny|12/11hy 1%, (9)
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where
hn) = [hi () h] 1T, (10)
h=t(hiyhznI. (11)
it can be shown that [4],
L > M = Ryx(n)issingulawn,
L <M = Ryxx(n)isill-conditioned

L>N = ¢n=0, n>N,
L<N = &(n)#0, vn,

(12)

where the two latter statements ih2f requireRxx(n) not to be singular. Equation
(12) is valid in the situation where no noise is added to the microphone sygnal
see Figl.

As shown in [4] and stated irl@), the tails of the impulse responses both in the
transmission and receiving rooms play a key role. Thanks to the impulse response
tails in the transmission room, we can obtain a unique solution to the normal equation.
However, because of the impulse response tails in the receiving room, we have poten-
tially large misalignment. We assume of course that M andL < N, since this is
the realistic case to be dealt with. TheoreticallyandN are infinitely long, but the
normal reverberation time in an office room is approximately 0.3 s.

There are two ways to decrease the misalignment. The first way is to use longer
adaptive filters; but commensurately, the adaptive algorithm becomes very slow in
terms of convergence speed and is more expensive to implement in terms of memory,
arithmetic complexity, etc. Moreover, the solution is not robust in the sense that it is
ill-conditioned and still sensitive to transmission room changes. A second way, the
practical approach, is to decorrelate partially (or in totality) the two input signals. The
difficulty is to decorrelate the signals without decreasing the signal quality.

2.2 Decorrelation Methods

The most straight-forward method to reduce the correlation between two channels is
probably to add independent random noise to each chaxia), i = 1,2. This
was described in [3], but it is also pointed out that in order to sufficiently reduce
the correlation, the noise-level had to be greater than the level of the maximum non-
perceptible noise.

To reduce the perceived distortion it would be preferable if the decorrelating signal
is similar to the original signal. But the core problem in SAEC is that the two channels
are linearly related, i.e., adding a signal that is linearly related to the original signal
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will not reduce the correlation between the two channels. In [4], it is suggested that a
non-linearly processed source signal should be added to the source signal itself. It was
found that adding a half-wave rectified signal to the original signal performed well in
addition to having a simple and low-complexity structure. This can be expressed as,

X1(N) + [X1(N)|
5 )

X2(N) — [X2(N)|
5 ;

wherea determines the amount of added distortion. It has been found thetween

0.3 and 0.5 decreases the channel correlation significantly and that the distortion is

hardly audible in an office environment [10]. The stereo perception is not affected.

In systems where the transmission path between the transmission and the receiving
rooms includes an audio codec, certain coders will decorrelate the channels. In [5],
the influence that a perceptual audio coder, MPEG layer Ill [11], has on a SAECR is
analyzed. Itis shown that the coder can decorrelate the signal because non-perceivable
guantization noise is added to the source signal. How efficiently the coder decorrelates
the signal depends on what features are used for compression. For example, advanced
stereo coders usually operate in a joint stereo mode, where two correlated channels
are coded jointly. This can actually increase the correlation between the channels, and
should not be used if the coder also has to serve as decorrelator.

Traditional perceptual audio coders achieve better audio quality for a given com-
pression ratio than speech coders when the source signal contains music, whereas
speech coders perform better on pure speech signals. In an attempt to combine the
best of the two worlds, coders, that softly switch mode depending on the source sig-
nal, have been proposed. The decorrelating properties of one such coder, the MTPC
coder [12], is also shown in the examples.

X1(N) = x1(N) + «

(13)

X5(N) = X2(N) + o

(14)

3 Proposed Structure for the Stereophonic Acoustic
Echo Canceler

In this section, all vital parts of the real-time implemented SAECR are presented. First
of all, a decorrelator is needed to reduce the correlation between the two transmission
room signalsxi(n) andxz(n). In the system we have chosen to use the half-wave
rectifier, presented in the previous section.

Even after the decorrelator, finding the correct echo paths is still not a well con-
ditioned problem. Therefore, the two-channel RLS algorithm, which has shown great
promise in SAEC applications [13], was chosen for the adaptive filters. This algo-
rithm has very fast convergence rate, even for signals with a large eigenvalue spread
of the correlation matrix. The two main disadvantages with the RLS algorithm are the
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Figure 2: Stereophonic subband acoustic echo canceler. In total four analysis

filterbanks decompose the transmission room and receiving room signals. In

each subband, the two-path two-channel FRLS algorithm cancels the major

part of the echo. The residual echo is reduced even further by the suppressor
before reconstructing the fullband error sigregh).

high calculation complexity and stability problems with non-stationary signals, such
as speech. The stability is improved by monitoring the state of the RLS algorithm,
and to reinitialize parameters when they become unstable. A two-path structure [14]
is used to further reduce the effects of an unstable algorithm. This structure also serves
as a double-talk detector. Due to the high calculation complexity, the adaptive filters
are performed in a subband structure, illustrated in Eig.

3.1 Fast Recursive Least-squares Adaptive Algorithm

A complete analysis of the FRLS algorithm is beyond the scope of this article. How-
ever, a general analysis of the RLS algorithm can be found in [9] and stabilized two-
channel versions are described in [13], [15]. Nevertheless, the definition of the specific
version of the two-channel FRLS used in the implementation is given below.

From Fig.1 the following quantities have to be defined:

X =[xam xm]", 2x1)  (15)
xm=[xTm x"m-1 ... xTm-L+D]', @Lx1  (16)
Ay = [Aam Raam ... Aoy hoim]',  @Lx1  (17)
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whereL denotes the length of the adaptive filters &nd (n) denotes coefficient num-
ber 1 of channel 1 anld 1(n) coefficient number 1 of channel 2 etc. Note that the
channels of the filter and state veckgn) are interleaved in this algorithm. The com-
plete two-channel FRLS adaptive filter is given in Tablevhere the following quan-
tities are used:

A(n), B(n) = Forward and backward prediction coefficient matrjces
Ea(n), Eg(n) = Forward and backward prediction error energy matrices
ea(n), eg(n) = Forward and backward prediction error vectors,
G(n) = Kalman gain vector,
¢(n) = Inverse conversion factor,
k € [1.5, 2.5], Stabilization parameter,
A € (0, 1], Forgetting factor.

In this version, stability is improved with the stability parameteBut for operation

on non-stationary signals, like speech-signals, further enhancements are needed. First
of all, by monitoringe, it is possible to detect if the algorithm is about to become
unstable. If this is the case, the parameters in the prediction part are reset to their start
values, while the adaptive filter estimale,can be left unchanged. A suitable initial
value forA(n), B(n) andG(n) is 0 whereas the energy estimatés,(n) andEg(n)

could be initialized with a recursive estimate of the speech energy. During the time
between restart and until the algorithm has reconverged, echo cancellation may be
poor. A two-path structure, presented next, improves performance in these situations.

3.2 Two-path Adaptive Filter

In situations of large disturbances, for example double-talk, or if the adaptive filter be-

comes unstable, the filter may diverge from a good estimate. If the estimate diverges, it

would be better to use an earlier filter estimate until the adaptive filter has reconverged.

This is the purpose of the two-path adaptive filter structure [14], illustrated ir3Fig.

In this structure, the adaptive filter is used only to estimate the impulse respanse

Then it has to be determined if this new estimate is better than a previous estimate,

denotedh. If the new estimate is bettdr,is updated. The output signal from the echo

cancelerg(n), is calculated in the two-path structure usﬁnglt should be noted that

in the implementation, the two-path structure is adapted in the subbands, and that the

decision made in one subband is independent of the states in all other subbands.
The most crucial condition to be met for a filter update is that the short-time resid-

ual echo energy in the adaptive filtdieg, g, , is less than the residual echo energy in
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Table 1: The stereophonic FRLS algorithm for complex arithmetic. The conjugate
and the Hermitian transposition operator are dendtead ", respectively. Variables
are defined in Se@.1 The prediction part is complete, whereas the filtering part only
describes one return path.

Prediction Matrix sizes
ea(m = x(m — AP (n— Hx(n - 1), (2x 1)
p1(N) = p(n — 1) + e (MEL (n — Dea(n), (1x 1)
M=o ) [at e ez
es,(N) = x(n — L) — B (n — Dx(n), (2x 1)
p(n) = pa(n) — e (mm(n), (1x 1)
AN =AM —1) +G(n—Del (n)/enh -1, (2L x 2)
Ea(n) = A[Ea(n — 1) + ea(mef (n)/o(n — D)1, (2% 2)
G(n) =M(n) + B(n —1)ym(n), (2L x 1)
eg, () = Eg(n — Hm(n), (2x 1)
es(n) = ke, (N) + (1 —Kk)eg, (N), 2x1)
B(n) = B(n — 1) + G(mek (n)/p(n), (2L x 2)
Es(n) = A[Es(n — 1) + es,(N)ef, (N) /o (N)], 2% 2
Filtering
e(n) =y — A" (n = Hx(n), (1x 1)
h(n) = h(n — 1) + Ge*(n)/p(n). (2L x 1)

the two-path structuregg , multiplied with a fixed valu€ < 1,

Eerisi < CEs. (18)

wherei € {1, 2} denotes the channel number.

3.3 Subband Filterbank Design

The main reason for using a subband scheme is the reduction of calculation complex-
ity, but other positive effects include increased stability of the adaptive filter, because
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fewer taps are adapted in each subband, and a structure that allows for efficient im-
plementations on parallel systems. The condition number of the correlation matrix
in each subband is also reduced, resulting in increased convergence rate for the LMS
class of adaptive filters. The two biggest disadvantages are the transmission path delay
that is introduced, exemplified in Tal?eand possible aliasing due to downsampling.

In [16] it has been shown that if critical downsampling is used, i.e., if we have the
same downsampling ratroas number of subbanddg, aliasing will significantly de-
crease the performance of the adaptive filters. Therefore non-critical downsampling,
l.e. r < M, in conjunction with filters that have good stopband attenuation were
chosen. General discussions of filterbanks can be found in numerous books and arti-
cles [17], [18], [19], [20], but since the emphasis has been on critical downsampled
filterbanks, an efficient structure with non-critical downsampling is shown in the Ap-
pendix. Methods on how to design prototype filters are also discussed.

3.4 Computational Complexity

In this section we calculate the number of real-valued multiplications and additions the
adaptive filter and the filterbanks need per fullband sample period. The Fourier trans-
form in the filterbank and most parts of the adaptive filter (FRLS) are performed with
complex arithmetic. In this analysis, multiplication between two complex numbers is
counted as four real multiplications and two real additions.

The number of multiplications needed for the real-valued two channel FRLS [13]
is 32L, and the number of additions is B2where L is the length of the adaptive
filter. This includes calculation of the residual signals for both channels. The subband
signals are complex valued, and the complex version of the two channel FRLS is given
in Tablel. This algorithm needs 128, preal-valued multiplications and 128 preal
additions, wherd.syp denotes the length of the adaptive filter in the subbands. Echo

Y

X(n) N erLs(N)
\L ¢ym)

; - C e(n)

¢y(n)

Y

Y

Figure 3: Two-path adaptive filtering.
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cancellation in the subband structure described in previous sections, Mgéds 1
adaptive filters, Appendi, but due to downsampling they are updatgd times the
fullband rate. The length of the adaptive filters &rgp = L/r + Cpe, WhereCyc
compensates for the non-causal taps [21]. The total number of real multiplications per
fullband sample is 12@@ Lsupand the number of additions 1%fil Lsub

The analysis, 29), and synthesis,3Q), filterbanks include two parts, polyphase
filtering and fast Fourier transformation. The polyphase filtering uSesultipli-
cations andK additions per filterbank, wherk is the length of the prototype fil-
ter. Since the input signal of the Fourier transform in the analysis filterbank is real-
valued, and the output signal from the Fourier transform in the synthesis filterbank is
also real-valued, only two Fourier transforms are needed for the four analysis filter-
banks and one Fourier transform for the two synthesis filterbanks. In order to separate
the one complex valued Fourier transform into two real-valued transforms-2}
extra additions are needed [22]. If the Fourier transforms are implemented with a
Radix 2 structure, they each nee?g, M — 7M + 12 real multiplications and
3Mlog, M — 3M + 4 additions [22]. Also the filterbanks need to be updated/at 1
times the fullband rate. The total number of multiplications of the four analysis fil-
terbanks is%(4K + 4Mlog, M — 14M + 24) and the total number of additions is

%(4K + 6M log, M — 2M). In the synthesis filterbank extra additions are needed
to update the state vector in each filterbai®8)( The total number of multiplications
for the two synthesis filterbanks %(ZK + 2Mlog, M — 7M + 12) and the num-

ber of additionsrl(4K + 3Mlog, M — M). In Table2, complexity examples with
different number of subbands are given. Three system configurations are considered:
Two-channel FRLS in all subbands, NLMS in all subbands, and finally, FRLS in half
of the subbands, and NLMS in the other half.

4 Simulations

In order to validate the system in a controlled manner and verify the necessity to
decorrelate the stereo signals, simulations have been performed on data recorded in
HuMaNet room B [23]. First a recording representing the transmission room was
performed. In this recording, the excitation signal was a high-quality speech signal
recorded in an anechoic chamber. Two loudspeakers were used, representing two
speakers at different positions, in order to create signals with spatial changes in the
transmission room. Also, signals representing the receiving room were recorded, us-
ing the transmission room signal above as excitation signal. The signals were recorded
at a sampling rate of 16 kHz and the average SNR (echo-to-noise ratio) was approx-
imately 40 dB, i.e., a very low background noise level. In the simulations in this
section, the echo canceler had the following settings.
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Table 2: Calculation complexity comparison given as number &freal-valued mul-
tiplications per second at 16 kHz sample period. Corresponding fullband impulse
response length = 3168, downsampling rate = %M, number of non-causal taps
per subban@,: = 5 [21]. In the hybrid NLMS/FRLS system, FRLS is used in the
lower half of the subbands, and NLMS in the upper.

System configuration

Number of subband$/ 1 16 32 64 128
Prototype filter lengthK — 207 415 831 1663
Signal delay (ms) 0O 13 26 52 104
System components complexity
Filterbank - 18 19 20 2.1
Two-channel FRLS 1.6k 410 200 100 53
NLMS 410 100 50 25 13
Two-path 200 52 25 12 6.6
System complexity (adaptive filter, filterbank, two-path)
FRLS 1.8k 470 230 110 61
Hybrid NLMS/FRLS — 290 150 76 41
NLMS 610 160 76 39 22

Number of subbandsM = 64.

Downsampling rater. = 48.

Number of estimated impulse response taps in each sublafng = 66.
Number of corresponding fullband impulse response tdps=:r L syp = 3168.
Number of possible fullband non-causal taps [21] : 300.

As shown in Sectior?.1, the echo canceler problem has an infinite number of
solutions when the two input signats; andxz in Fig. 1, are linearly related. The
magnitude coherence function,

— |S(1X2(f)|
VSaxa (D Sex (1)

is a measure of how correlated the two signals are [4], whérfe = 1 shows that

the two signals are completely linearly related to each other. That is, the SAECR will
have difficulties to converge to the correct solution in those frequency regions where
the magnitude coherence function is close to one. In&ithe magnitude coherence

(19)

y(f)
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Figure 4: Magnitude coherence between right and left transmission room sig-
nal in the echo canceler. Average signal to noise ratio is approximately 40 dB.
(a) Unprocessed transmission room signals. (b) Signals pre-processed with the
half-wave rectifiere = 0.5. (c) Signal coded/decoded with an MPEG layer IlI
audio coder [11], coded at 32 kbit/s per channel. (d) MTPC coder [12], same
conditions as Fig4(c).

function is shown for speech signals recorded as described above. The power spec-
tral estimatesS; x;, were calculated using the Welch method [24] with a Hanning
window of 8196 samples on the signals recorded at 16 kHz. In the estimations, 30
s long signals were used. Figu#éa) shows the magnitude coherence between the
left and right channels for an unprocessed transmission room speech recording. The
correlation between the channels can be reduced by pre-processing the signals. In
Fig. 4(b) the magnitude coherence for signals pre-processed with half-wave rectifiers,
Section2.2, with « = 0.5 is shown. The signals can also be decorrelated by the use
of a coder and a decoder [5]. In Fig(c) the magnitude coherence function is shown

for a signal that has been coded/decoded by an MPEG Layer Il coder [11], [25] and
finally in Fig. 4(d) the result using an MTPC coder [12] is shown. Both coders coded
the left and right channels separately at 32 kbit/s per channel.

One way to show the effectiveness of the decorrelation is to study how the perfor-
mance of the echo canceler decreases after a position change of the transmission room
speaker. As a performance index the normalized mean squaré @M®E) energy of
the residual is used. The MSE is given by,

(20)

Pe_,, = LPF[e(n) — w(n)]?, (21)

1Since we normalize with the power of the echo. We can regard this as the inverse of the echo return
loss enhancement (ERLE).
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Figure 5: Transmission room signals used as excitation signal in Bigg.
The speaker changes position at 5.1 s. (a) Left channel. (b) Right channel.

wherew denotes the receiving room background noise signal and LPF denotes a low-
pass filter; in this case it has a single real pole at 0.939.,, is analogously calcu-

lated. In all examples, except the double-talk example, the background noisewsignal

is unknown, and cannot be subtracted accordin@ 1. (This will somewhat increase

the MSE. The excitation signals to be used in the examples are shown i Hige

left channel is shown above the right channel. In this signal the speaker moves from a
position close to the left microphone, to a position closer to the right microphone at 5.1
seconds. Shown in Fig(a) is the MSE resulting from echo cancellation of a signal
that has not been processed with the half-wave rectifier. Especially notice the severe
increase of MSE after the instantaneous transmission room speaker position change
at 51 seconds. In Fig6(b) the mean square error for the same excitation signal but
processed with the half-wave rectifier,= 0.5, is shown. Under these conditions,

the SAECR converges towards the true solution, and is therefore less sensitive to echo
path changes in the transmission room. Because of this, the MSE is almost unaffected
by the transmission room speaker position changelas&conds. Simulations have
shown similar behavior for the coded/decoded signals used id{€igl) as for signals
processed with the half-wave rectifier= 0.5. This suggests that the magnitude co-
herence function is an effective measure of how the condition of the correlation matrix
Rxx(n) (8) affects the performance of the SAECR.

In Fig. 7 the MSE as a function of subband number is shown for two time in-
stances, before (solid line) and directly after (dashed line) the transmission room
speaker changes positions. In Fitfa), where an unprocessed signal was used as
input for the echo canceler, it is shown that the increase in MSE is severest in the
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Figure 6: Residual echo after the echo canceler without non-linear residual
echo suppression. The clip shows the convergence on a speech signal with 16
kHz sampling rate, and a change of position of the transmission room speaker
at5.1s. The SNR was approximately 40 dB in both the transmission room and
the receiving room. (a) MSE, se2Q), of the residual, unprocessed signal. (b)
MSE of signal processed with the half-wave rectifiee= 0.5

lower subbands. This corresponds to the region where the channels are highly corre-
lated, compare Figd(a). In Fig.7(b), a signal processed with the half-wave rectifier,

a = 0.5, was used. Since the channels are less correlated in this case, there are only
minor differences in the MSE before and after the transmission room speaker changes
positions. Figure also indicates that the channel decorrelation is more important in
the lower frequency regions than in the higher ones, in practical situations.

Other simulations have shown that when a background noise source, in our case
fan noise from a personal computer, was emitted in the transmission room, the cor-
relation between the channels was reduced. Convergence of the adaptive filters was
improved, especially in the higher frequency regions. Though channel decorrelation is
still needed in normal office environments, especially in the lower frequency regions.

In the previous examples, the two-channel FRLS algorithm is used in all subbands.
In order to reduce the calculation complexity, it is possible to switch to an NLMS
algorithm in the upper subbands without significantly reducing the performance of the
echo canceler. In Fi@ the MSE performance of the FRLS and the NLMS algorithm
are shown for one typical lower and one typical higher subband. The impressive
performance gain of the FRLS algorithm only applies to the lower subbands. The
performance of a system with FRLS in the lower and NLMS in the higher subbands
Is shown in Fig9.
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Figure 7: Subband MSE, se®(), at two time instances, solid line atlss and
dashed line at 8 s, where the latter is directly after a speaker position change
in the transmission room. (a) Unprocessed signal, the same conditions as in
Fig. 6(a). (b) Signal processed with the half-wave rectifier= 0.5, like in

Fig. 6(b).

Finally, a double-talk situation is shown. In contrast to the previous figures, the
receiving room is simulated, using 4096 taps long room impulse responses. This in
order to be able to remove the double-talk signal before calculating the N28E, (
The signal was processed with the half-wave rectifies: 0.5, and the two-channel
FRLS algorithm was used in all subbands. The result is shown irflBig.

5 Summary

With the real-time implementation of the stereophonic acoustic echo canceler pre-
sented in this paper, we have been able to confirm that the use of two channels sig-
nificantly enhances the ability to aurally separate the speakers in video conferencing
systems. Therefore a listener in the receiving room has an improved ability to distin-
guish one speaker in the transmission room, when other speakers, also situated in the
transmission room but at other positions, are talking at the same time.

It has also been confirmed that decorrelation is crucial for stability of the system,
both in real-time experiments and in off-line simulations on real-life recorded signals
presented in the previous section. The studies also confirm that without a decorrelator,
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Time (s)

Figure 8: Subband convergence comparison between the two-channel FRLS
and NLMS algorithms. The figures show the MSE performance for one typical
lower and one typical higher subband. Solid line FRLS, dashed line NLMS.
(a) subband 7 (center frequency at3.kHz), (b) subband 18 (center frequency

at 45kHz).

it is unlikely that the echo canceler converges to the correct solution. This is especially
the case in the lower subbands, and in situations when the transmission room back-
ground noise is low. Finally it is shown that the two-channel FRLS adaptive algorithm
is superior to the NLMS algorithm in the lower subbands, but the performance gain is
less in the upper subbands.

The RLS algorithm is notorious for its stability problems. However, with the stabi-
lization enhancements presented in this paper, and a proper initialization, it has been
possible to use the algorithm in a controlled manner, and it has shown a very fast
convergence rate. Even if tracking/reconverging is somewhat slower than initial con-
vergence, see Fid.0. Double-talk situations can severely decrease the performance
of the adaptive filter. In the system, the two-path structure handles these situations.
It also takes care of problems when the FRLS is restarted. Restarts are necessary for
stabilization of the FRLS, e.g., in a simulation where 24 hours of real-life data was
processed, each subband was restarted on average every 18 s.

The real-time system also includes a device to suppress the residual echo after
the adaptive filter, see Fi@. The suppressor consists of three parts. The first is a
short-time transmission room energy based suppressor, which increases suppression
as the speech energy in the transmission room increases. The second suppressor, an
echo path gain based suppressor [26], can be viewed as a mild form of center clipping
in that if the residual echo is very strong, it is left unaffected, but when it is below
a threshold, it is attenuated by an amount roughly proportional to the residual echo
signal. Finally, comfort noise is added to the residual echo signal. Without comfort
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Figure 9: Fullband convergence comparison between the two-channel FRLS
and NLMS algorithms. The figure shows the MSE performance for different
SAECR setups. Solid line: FRLS is used in all subbands. Dashed line: NLMS
is used in all subbands. Dotted line: FRLS in the lower 16 subband, NLMS in
the upper 17 subbands.

noise, the listener may be annoyed by the rapid changes of suppression by the two
suppressors.

The subband structure enhances the system in several ways, including reducing
the calculation complexity as has been shown in this paper. Another important ad-
vantage is the ability to run the adaptive algorithms on parallel processing units. In
the real-time system, the analysis and synthesis filterbanks are processed on one DSP,
whereas the adaptive filters are distributed over several DSPs. To be more specific,
the adaptive fiIterﬁRLs in Fig. 3, is distributed, whereas the filterintj,in Fig. 3, is
performed on the DSP which also executes the filterbanks [27]. This way, no extra
signal path delay is introduced by the parallel structure, see App&ndig the inher-
ent transmission signal delay is a clear disadvantage of subband structures, this is of
importance. Examples of the delay introduced by the filterbank are given in Zable

Finally, the authors would like to comment simulation data used in this paper.
Simulations have been conducted under several different situations. It was chosen
to use data with fairly high SNR, 40 dB, in the paper. This since background noise
will decorrelate the channels, and thereby reduce the “stereophonic” problem. That
is, with lower SNR the MSE for a converged system will increase, but the increase of
MSE due to transmission room speaker change,&ta&), will be less obvious.
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Figure 10: Double-talk situation, only the left channel is shown. (a) Echo-
signal, without double-talk. (b) Double-talk signal. (c) MSE performance:
SAECR without the two-path structure (dashed line). SAECR With the two-
path structure (solid line).

Appendix
A Analysis Filterbank

The signal for subbandh, xn(k), is calculated by bandpass filtering and downsam-
pling of the fullband input signat(n),

K-1

Xm(K) = > fm(Hx(rk —1), (22)
=0

where the subband filter is denotéd(n) with lengthK and the downsampling factor
isr, see Figll The subband filtersf,(n), are modulated versions of the low-pass
prototype filter f (n). If M denotes the number of subbands in the filterbank, the
individual subband filters can be expressed with the modulaftlos; wl F, where

fm=[fn© fm@ ... fm(K-D]. (23)
i 2rm i 2rm T
wn=[1 eFG . elfrM-D] (24)

F = [diagfo) diagfm) ... diagfk_m)]- (25)
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Figure 11: Analysis filterbank: Each subband sign@|(k) can be found by
band-pass filtering the fullband signah) with f,(n) and then downsampling
it by a factorr.

The prototype filter matri¥ is of sizeM x K, and diagf;) denotes a diagonal matrix
with elements from the prototype filter as,

f(i) 0
diagfi) = . . (26)
0 f(i+M—1)

Due to the downsampling, new input samples are needed for each new subband
sample, denoted rame Now the output sample in subbama framek can be
expressed agn (k) = W%Fx(k), where the fullband input vectaur(k) is defined as

x(K) = [x(k) xk—1) ... xtk—K-+1]". (27)
By exchanging the modulation vectary, for the modulation matrix,
W=[wo wp ... WM_1]T, (28)
a vector containing all subband samples at frkmeay be calculated as,
o) x10 ... xm-_1(0]" = WFx(K). (29)

The efficient DFT polyphase filterbank structure can be seedn GinceF is a
real sparse matriEx(k) can be calculated witK real multiplications. Secondly, the
modulation matrix divided by the number of subband§/M, is also known as the
inverse DFT matrix. Therefore, the calculation complexity28)(can be reduced by
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Figure 12: Synthesis filterbank: The reconstructed fullband signal is a sum of
upsampled and band-pass filtered subband signals.

using efficient inverse fast Fourier transforms (IFFT). Let us retur@8dnce again.
Due to the symmetry in the modulation vect@4), the following relation between
rows can be seen ir28),

M
Wi = Wpyy_; 15i§5—1 (30)

where* denotes the conjugate operator. Consequexily,i (k) = x*(k) as long as
the input signak(n) and the elements of the prototype filter matfiare real-valued.
Therefore, it is only necessary to calculate the fMist2 4+ 1 subbands, and also only
necessary to apply the adaptive filters, the echo canceler, M fRet+ 1 lowest sub-
bands. It should be noted that complex valued adaptive filters are needed.

B Synthesis Filterbank

The synthesis filterbank reconstructs the fullband sige@l), by a summation of

the interpolated and filtered subband signask), see Fig.12. For reasons that

will be seen later in the section, it is advantageous to use a state description of the
filterbank filters, illustrated in Figl3. The input signal to the filterbanlen(k), is
upsampled times. ThenK copies of the interpolated signal are each multiplied with
the corresponding synthesis filterbank filter-tgp(l ). Each sample factor is added to

a state variabley | (n), in the state vectasy(n). For every fullband sample interval,

the state vector is shifted one position. The fullband signal can then be calculated as
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Figure 13: State representation of synthesis filter: The subband sggiik) is

first upsampledL delays of the signal are each multiplied by the correspond-
ing filter-tap gm(l) and added to the state varialdg|(n). The state vector
sn(n) is shifted each sample-interval. The reconstructed signal can then be

found as the sum of the state variable®) = > h_5 Sm.o(n).
the sum of the upper state variablegy) = >"M~1's, 0(n). Let us now define the
state vector as one upper and one lower vector,
k)
o = [0 31
SO (3D)
S (k) = [smokr) smikr) ... Smroakn]", (32)
Sn(K) = [Smr (kD) Smrrakn) ... smk_akn]". (33)

Due to the interpolation, every subband sang|ék) is followed byr — 1 zeros. For
these zeros, the state vectors are only updated with shifts. The outputegignein
therefore be calculated forsamples, i.e., one frame at a time,

M
[ekr —r +1) ekr —r+2) ... ekn] = shk. (34)

Similar to the analysis filters, the synthesis filterbank filggsgn) are modulated ver-
sions of the low-pass prototype filtgtn). Therefore, the filter vector

gm=[gm©® gmD) ... gm(K -], (35)

Is defined agm = Gwy,. Here,G is a sparse prototype matrix of siké x K,

G = [diago) diag@w) ... diagdk-m)]" . (36)
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where diagdo) is defined as inZ6) andwy, is defined in 24). As mentioned above,
the state vectors can be updated on a frame basis. The state vectors arer shifted
positions and the input subband sample, multiplied githis added,

Sm(k) = [émgfx‘l l)] + GWem(K). 37)

When reconstructing the output sigregh), it is enough to know the sum of the state
vectors, as is shown irBf). Therefore, the state vectors do not need to be updated
individually, instead it is sufficient to update the sum of the state vectors, as

s(k) = [é ((l)( B l)] + GWes'Pk), (38)
rx1
whereW is defined in 28) ande®“b(k) = [eok) ewk) ... eM_l(k)]T. Finally,

(38) can be calculated with a computationally efficient IFFT algorithm, and the output
for framek is then the uppear elements of the state vector.

C Prototype Filter for Non-critical Downsampling

In this Appendix, we will formulate a filterbank design method as a minimization
problem. Quadratic programming has been found to be an efficient method for solving
this minimization problem, and in AppendiX the minimization criteria is reformu-
lated for a quadratic programming algorithm.

Since aliasing in the filterbank will drastically decrease the performance of the
SAECR, aliasing suppression is an important property of the prototype filter. Hence,
alias suppressing subbands in combination with non-critical down-sampling, allow
us to neglect aliasing cancellation in the filterbank. The only requirement for the
filterbank, neglecting small amounts of aliasing, is to ensure that the analysis-synthesis
system is a pure delay,

1 M=l ; 2rm ; 2rm ;
- Y FE@TM)GE @) = eIk, (39)
m=0

whereK is the prototype filter lengthiyl the number of subbands,downsampling
factor, F(z) = Y k4 f(k)z % the analysis filter, an@(z) = Y\ 5 g(k)z X the
synthesis filter. In order to guarantee linear phase, we{gj = z KF(z™1). If we
define the non-causal filtdk(z) = F (z)F (z™1), which only differ from the analysis-



C Prototype Filter for Non-critical Downsampling 57

synthesis systent; (z)G(z), by a delay, an equivalent requirement3@)(would be,
1 M-1 ; 2rm
=Y Re@ W) =1, (40)
r m=0

Now, we can formulate the filter design problem as a minimization problem. First we
need to make sure that the passband is sufficiently flat, by minimizing

2n _ 1w
r

™ .
b1 = f [R(Ee®) — rPdow. (41)
0

The region where two adjacent bands overlap also needs to be flat, i.e. we minimize

Dy = /2_ _[RE®) + Rl @) — rPdo. (42)

M r

Finally, we need to minimize aliasing by enforcing good stopband attenuation,
T[ .
Pz = / [R(e/))’dw. (43)

The total minimization problem can now be expressed as

rFrg(ir)l a1P1 + a2P2 + a3 d3, (44)
Z

subject to the constraints,

F(0) >rm), n=#Q, (45)
f(n) =f*(—n), Vn, (46)

wherea; > 0 are trade-off parameters aiiz) = Y ., F(k)z K. Quadratic
programming [28] has been found to be a fast and stable method to solve this mini-
mization problem. The filters used in the simulations are designed with this method,
and are shown in Fidl4. In [29], a method for calculating (z) from a givenR(z)

is presented. An alternative method to design filters that sati§@®<én be found

in [30]. This method has more stringent requirements, forda@nd®, to be equal

to zero, but also needs a larger filter lengthn order to achieve good stopband atten-
uation.



58 Paper| A Real-time Implementation of a Stereophonic

o m=1 K =831
_ M =64
dashed line at r =48

1

T
|
|
|
|
|
. =
|

Attenuation (dB)

1 L 1 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Relative frequency

Figure 14: Filterbank for subbanth = 0 andm = 1. Aliasing for subband 0
occurs around = 5.

D Prototype Filter Construction

In this section it will be shown how4d) can be numerically determined with a quad-
ratic programming algorithm [28]. Implementations of this algorithm is available in
commercial software packages such as in the Optimization toolboxain. MV .

In quadratic programming, the following function is minimized,

_ 1
min 5rHHr + fHr, (47)

under the constraint,
Ar <b, (48)

where the number of parameters to minimizé& isThe matricedd andA are of size
L x L, andr andf are of sizeL x 1. We now need to determine the matri¢és
A, r andf so that the minimization problem id7) and @8) equals the minimization
problem in @4), (45) and @6).

In AppendixC, we have seen that it is sufficient to minimize the non-causal filter
R(z). We can evaluate this function on the unit cirddes el®, as

RE/?) = el 47 el D 4o el q . preiet (49)

L
=fo+2) coslw)f. (50)
=1

It is possible to determine the valuefgf By integrating 40) we get,

- M-1 .
oo =/ 3 R(eﬂw—%)) do. (51)
T m=0
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Now we replaceR(e (‘”_Z”Tm)) with the definition in 60), and change the order of
integration and summation,

x M-1 L 27 ml
2nr = f 2 cos|low— —— ) id 52
T /;nn;o—k ; (a) M)Iw (52)

M—1 L
B T 2rml\ _
= 27 Mfp + E 2 E_ / cos(la) — T) fidw. (53)

From ©3) we can determine tha = ;. Thatis, we now have parameters to
minimize,

I’:[fl fo .. fL]. (54)

r [R(ej“’) — r]zda) (55)

2

2t _ 1 L
:/M r [rm—r +ZZcos(Iw)r~|} dw (56)
0 I=1

_ [(r _r)sz(rM _r>2":sinila))r~l+

(N

L-1 L . : o
sin(pw —lw)  sin(pw +lw)\ . .
Y (e T )} e

Similarly, ®; is,

By = /2 ] [R(ej“’) + R(el @) — r]zdw - (58)
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2r 2 2r L [sinlw)  sindo — 2L
:[(M—r) a)+4(m—r)§< — + I Fl+

L . : 2nl
ZZ (cos(lw) sin(lw) +a)+2cos(%ﬂ)a)+ sin(2lw — )

coslw — 2y sinflw — 2 21\ .o

| i | in(po —lw — 2P
42 Z (sm(pw ) n sin(pw + lw) n sin(pw — lw )

|=1 p=I+1 p+I p—I
sm(pw+lw—%) sin(po —lw + 2 sinlo + po — )
I+ p p—I |+ p
; o — ZEp=D in(l _ 2n(+p) T
Sintpe — o — 7w ) | Sed P = Ty ) ) e (59)
p_l I + p 2n 7w
™M T
Finally @3 is,
s . 2
B3 = / (R(elw)) dew (60)
VLY sm(la))~ cogqlw) sm(la)) 5
= |:( ) M =t | ZZ | + w |’I =+
e sin(pw —lw)  sin(pe + lw) "
4 rr . 61
;,g;l( p—1 " p+] )'p ) ©)

Let us start with determining the matitk Since the matri¥d in (47) is pre-multiplied
with rP and post-multiplied wittr, the elements il correspond to the coefficients
in front of all r]z and allfifp in (57), (59) and 61). We will start to derive a non-
symmetric matrixH’, and later transform it to the symmetric matkix

Let us begin with determining the elements on the diagondd’ofin (47), the
operationr "Hr lead to that all diagonal elements are multipliedfi8y wherel is
given by the position and is defined in $4). That is, the top left element iH is
multiplied byr~12 and so on. By examining{), (59) and ©61), we can determine the
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diagonal elements,

27
M

=[5

+

[Hg-11-1y =01-2 [Cos(l w) sin(lw) N w]

from ¢1 in (57)

0

codle) sind 27l\  sin@le— 2t
042.2|: s(a))l (a))+a)+2005(%)w+ ( wl M)+
from ¢ in (59)
coslo — 2y sin(lw — 2 or |7
) S M)—l—w——ﬂ +
| M Vs 1
™M
from ¢ in (59)
coglw) sin(l n
013'2|: qa))l (w)+wi| ’ 1<I<L, (62)

from ¢3 in (61)

whereas, ap andag are from @4), and[H']( ) denotes the element in rdwcolumn

p of the matrixH’. Next we determine the rest of elementsHh If we study the
upper left triangular part oH, we can conclude that these elements are multiplied
with 1 in the operationr "Hr in (47), wherer is defined in $4). Once again, we
examine §7), (59) and 61), and determine that, the upper left triangular pattiofs

S[iy
it

[H/]G—l,p—l) :a1.4|:sm(pa)—la)) s|n(pw+|w)]

p—! p+I
from ¢, in (57)

0
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w4 sin(pw —lw)  sin(pw + lw) Siﬂ(pw—lw—%h_
p—I p+1 p—I
from ¢, in (59)
sin(pw + 1w — Z2) . sin(po —lw + 2 sinllo + po — ZW”')JF
I +p p—| l+p
from ¢ in (59)
sin(po —low — ZPA)  sin(lw + po — ZLER T N
p—I I+ p oy
™MTT
from ¢ in (59)
. B . -
a3‘4[sm(pw |w)+SIn(pw+|w)] ’
p—| p+| x
from ¢z in (61)
l1<l<L-1 I<p<L. (63)

So far the lower left triangular part &1’ is zero. The quadratic programming algo-
rithm requires the matrix to be symmetric. We can fix this and at the same time
compensate for the factérin 47),

H=HT+H. (64)

The elements in the vectdrcorrespond to the terms i 1), (59), and 61) which
include the non-quadratic coefficigit Like before, we examiné(), (59) and 61),
and determine that,

2 7w

in(l MY
[f](|_1,0) :a1.4<ﬁ _r) |:S|nf a))] n
0

from ¢ in (57)

: L 2nl\ T
a2_4<2_r _r) [sm?a)) .\ sm(la)l a )} .

2r _ 1w
M r

from ¢ in (59)

, 1<Il<L. (65)

4r [sin(low) 7"
o5 T

T
r

from ¢3 in (61)



E Real-time Implementation 63

Finally, we will determine the constraints i48). From @5) we know that (0) >
r(n). This is satisfied ifA is the identity matrix of siz&. x L, and all elements ib
equalfo, i.e., all elements i equaly;.

The total response of the filterbarfR(z), can now be determined with a quadratic
programming algorithm. This filter can then be divided into one analysis and one syn-
thesis filter,F (z) andG(z) respectively, so thaR(z) = F(2)G(z)z K. This relation
is described in Appendi€ and an appropriate method to split the fil®R(z) is given
in [29].

E Real-time Implementation

In this section, the real-time implementation of the stereophonic acoustic echo can-
celer is described. All vital parts of an echo canceler have been implemented and the
underlying hardware is a parallel floating-point DSP-board. Each board is equipped
with four DSPs, the TMS320C44 from Texas Instruments. Special care was taken to
create a general implementation. That is, by the means of a re-compilation, it is pos-
sible to change variables such as the sampling rate, the number of subbands, and the
downsampling factor. The main program was written in C. However, all time critical
code sections are hand optimized TMS320C44 assembly code. The echo canceler has
also been ported to run natively on a PC, undexTMAB using MATLAB's standard

C interface. All simulations in this paper have been performed using this latter port of
the program.

Section3 describes the basic stereophonic acoustic echo canceler depicted in
Fig. 1. As described in Sectiofh and Sectior3.4, the calculation complexity of a
fullband implementation is high and therefore a subband realization was chosen, il-
lustrated by a block scheme in F&). All parts, except the adaptive filter, require dual
units, one for each channel, whereas the adaptive filter is an integrated unit for the two
channels, since the same Kalman gain calculation is needed for both channels.

Decomposition of Code for Parallel Execution

A subband approach is not only advantageous from a calculation complexity perspec-
tive, it also usually results in code that can execute efficiently in parallel on multiple
execution units. That is, with a reasonable amount of data transmission, the code can
be distributed over a number of DSPs. The two-channel FRLS adaptive filters used
in the implementation represent the majority of the calculation complexity, and it was
therefore decided that out of the four DSPs, three would be used to execute the adap-
tive filters. These three DSPs are denoted B,C and D, and each one estimates the
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Hardware inter-DSP communication ports

* \i
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Shared memory
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Figure 15: DSP-board: The AD/DA converter is connected to the master DSP,
DSP A. This DSP has bi-directional parallel communication ports to the other
DSPs. All DSPs are connected to the shared memory and the host computer
with a data buss. Each DSP is also equipped with two banks of zero wait state
local memory. In the two-board configuration, the boards communicate over a
communication port connected between the two DSP As.

impulse response for one third of the subbands. That leaves the four analysis filter-
banks, the two synthesis filterbanks, the filtering part of the two-path structure and
post-processing of the residual signals for DSP A. Figilgshows the communica-

tion paths between the different units. All data transfers between DSPs are done over
the bi-directional parallel communication ports that are available on the TMS320C4x.
The direct memory access (DMA) coprocessors on this DSP can move blocks of data
over the communication ports without interaction from the central processing unit
(CPU), almost eliminating the overhead of the the inter-processor communication.

In Fig. 16, a timing diagram shows where and when the different parts of the echo
canceler are executed. Let us study the process in DSP A during one frame. When
one frame of samples has been received from the AD convertgtla far-end and
near-end signals are decomposed into subbands. After execution of each analysis
filterbank, DMAs move the subband samples over the communication ports to the
other DSPs. One third of the subbands are moved to DSP B, etc. As can be seen
in Fig. 16, the results from the adaptive filters are not available until the next frame.
Therefore DSP A must use the echo path estimdtggs, from earlier frames in the
actual echo cancellation, at timtg After the filtering, a post-processor reduces the
residual echo in the subbands. Finallytgtthe synthesis filterbanks reconstruct the
fullband echo canceled signals.

The DSPs executing the adaptive filter are shown in the lower half of1f&g.
When all subband signals are received;athe execution of a new frame starts. First,
the adaptive filters update the echo path estimates and calculate the residual signals.
During this process, residuals from the same frame of input signals, but calculated with
the previous echo-path estimates, are received from DSP A, atidimhibese residuals
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Figure 16: Timing diagram of execution. The left half of the figure describes
the CPU and dashed boxes tasks performed by the DMAs.
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are compared according to the two-path structuitg anhd for those subbands where
the echo-path estimates have improved, the new estimates are sent back to DSP A at
timety.

Note that even though the echo-path estimates are delayed in the structure, there is
no extra delay in the actual signal path due to the parallel structure. The delay of the
estimates is actually needed in the two-path structure, see S8c2ion

Time Synchronization

During initialization, the AD/DA converter is set to its sampling rate and released from
its halt state. After this point, it becomes the master timing device, operating indepen-
dently of the DSPs. For each sample received, a hardware interrupt is generated by
the AD/DA converter on DSP A, Fidl5, and this interrupt is received by one of the
DMAs. The DMA moves the samples to buffers in the memory, and moves samples
from the memory buffers to the DA converter. When one frame of samples has been
received, the DMA interrupts the CPU and the analysis filterbank starts executing.
This point is denoteth in Fig. 16. The DMA continues without interaction from the
CPU to move the next frame of samples to another buffer in the memory. In a dual
DSP board configuration, the DMA also moves samples directly to the other board
over a communication port.

The DSPs processing the adaptive filters uses DMAs to move subband samples
from the communication port to buffers in the memory. When samples from all four
analysis filterbanks have been received, the DMA interrupts the CPU, and execution
of the adaptive filters is started (see titpen Fig. 16). The adaptive filters must com-
plete this frame before the next frame has arrived at tijmeone frame

Analysis and Synthesis Filterbank Implementation

The theoretical description of the filterbank is given in Appenijand the analysis
filterbank is implemented in assembler according2®).( The Fourier transform was
initially implemented as a DFT, but it has later been converted to an FFT implementa-
tion. This has been done also for the synthesis filterbank, of which the implementation
corresponds to34) and 39).

Numerous complexity analyses of filterbanks can be found in the literature, e.g.
in [17], [18], [19], [20]. However, the analyses usually include implementation de-
pendent constants. Below follows an analysis of the number of clock cycles needed to
execute one analysis filterbank on a TMS320C44. In this analysis, memory is assumed
to be accessed without wait states.
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Figure 17: Comparison between a DFT and a radix-2 FFT with real-valued
input signals on a TMS320C4x DSP, [31].

The filtering part involves a convolution witk elements. Due to the data storage
structure imposed by the filterbank, the actual number of clock cycles needed for the
operation ar&K + 5M, whereK denotes the length of the prototype filter avdthe
number of subbands.

Secondly, an inverse discrete Fourier Transform must be performed. Actually,
only theM/2 + 1 lowest subbands need to be calculated, as shown in Appéndix
Taking this into account plus the fact that the fullband signal is real-valued, a DFT
implementation needs? + 5.5M cycles. FFTs are computationally efficient real-
izations of DFTs, especially for large transforms. However, for small transforms, the
DFT is faster due to overhead in the FFT structure. Using the real FFT implementa-
tion presented in [31], the number of cycles needed, including bit-reversing, can be
approximated with ® log, M + 2M cycles. The FFT structure requires the number
of subbands to be a multiple of 2, and the complexity approximation represents an
upper limit for transforms of size 64 to 1024, the sizes used in [31]. In Figa
comparison between the DFT and the FFT implementation is shown. Using an FFT,
the total number of cycles needed can now be written as,

Cycles\naysis = K +2Mlog; M +7M +C (66)

whereC is a reasonably small number due to initialization overhead. A similar anal-
ysis can be performed for the synthesis filterbank.
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Two-channel FRLS Implementation

The two-channel FRLS is the most complex block in the echo canceler, considering
both structural and computational complexity. The implementation closely follows
the equations given in Tablein Section3.1, with the exception that Tabl only
describes cancellation of one return signal. The main structure was written in C, but
all matrix primitives are coded in assembler for maximum performance.

In the implementation, the state of the two-channel FRLS in each subband is
stored in a data structure. This structure is too big to fit in the internal memory in
the TMS320C44, and using external memory for all the matrix operations would sig-
nificantly increase the number of clock cycles needed. Therefore a DMA was set up
to move data to and from external memory in a just-in-time manner. More specifi-
cally, the DMA operates on one of the external and one of the internal memory blocks
while the CPU operates on the other external and the other internal memory blocks,
maximizing the memory bandwidth usage.
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Comparison of Different Adaptive Algorithms for
Stereophonic Acoustic Echo Cancellation

Abstract

In this paper, different adaptive algorithms for stereophonic acoustic echo
cancellation are compared. The algorithms include the simple LMS algorithm
and two specialized two-channel adaptive algorithms. Due to the high calcula-
tion complexity needed in stereophonic acoustic echo cancellation applications,
the time domain algorithms are applied in a subband structure. The comparison
include aspects as convergence rate, calculation complexity, signal path delay and
memory usage. Real-life recordings are used in the evaluation.

Based on: P. Eneroth, J. Benesty, Br@ler, and S. Gay, “Comparison of Different Adaptive
Algorithms for Stereophonic Acoustic Echo Cancellatidaiiropean Signal Processing Con-
ference September 2000.

This work was partly done at Bell Labs, Lucent Technologies.
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1 Introduction

The increasing use of teleconferencing systems and desktop conferencing where the
acoustic echo canceler (AEC) plays a central role, has led to the requirement of faster
and better performing algorithms. In these applications there is a desire to have far
better sound quality and sound localization than what has been provided previously.
These quality improvements can be achieved by increasing the signal bandwidth and
also by adding more audio channels to the system. This last fact spurred the need
for multi-channel acoustic echo cancelers of which the two channel (stereo) AEC
Is the the most interesting since only complexity issues differ in the more general
multi-channel case. Figutkillustrates the concept of stereophonic echo cancellation
between a transmission room and a receiving room. As is depicted in the figure, the
echo is due to the acoustic coupling between the loud-speakers and the microphonesin
the receiving room. The solution is to estimate this coupling, and subtract an estimated
echo from the return signal.

Stereophonic acoustic echo cancellation (SAEC) is fundamentally different from
traditional mono echo cancellation. Four mono echo cancelers straightforwardly im-
plemented in the stereo case not only would have to track changing echo paths in the
receiving roombut also in the transmission roonfor example, the canceler has to
reconverge if one talker stops talking and another starts talking at a different location
in the transmission room. There is no adaptive algorithm that can track such a change
sufficiently fast and this scheme therefore results in poor echo suppression. Thus,
a generalization of the mono AEC in the stereo case does not result in satisfactory
performance.

The theory explaining the problem of SAEC is described in [1]. The fundamental
problem is that the two channels may carry linearly related signals which in turn may
make the normal equations to be solved by the adaptive algorithm singular. This
implies that there is no unigue solution to the equations but an infinite number of
solutions and it can be shown that all (but the physically true) solutions depend on the
transmission room. As a result, intensive studies have been made of how to handle
this properly.

A complete theory of non-uniqueness and characterization of the SAEC solution
was presented in [2]. It was shown that the only solution to the non-uniqueness prob-
lem is to reduce the correlation between the stereo signals and an efficient low com-
plexity method for this purpose was also given, [2]. Several decorrelation methods
has since then been presented [3], [4], [5], and even if these decrease the correla-
tion between the channels, the normal equations to be solved will still represent an
ill-conditioned problem.

The performance of the SAEC is also more severely affected by the choice of
algorithm than the monophonic counterpart. This is easily recognized since the per-
formance of most adaptive algorithms depends on the condition number of the input
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Figure 1: Schematic diagram of a stereophonic echo canceler.

signal. In the stereo case, the condition number is very high and algorithms that do
not take the cross-correlation between the channels into account, such as the standard
Least Mean Square (LMS) or Normalized LMS (NLMS), converge slowly to the true
solution.

More sophisticated algorithms such as the APA (Affine Projection Algorithm) or
RLS (Recursive Least Squares), that are less affected by a high condition number,
handles the stereo case much better. This is even more true for algorithms that are
specially derived for the two-channel situation. In the following we will study two
different types of two-channel algorithms, the two-channel fast RLS algorithm, and a
frequency domain adaptive algorithm.

2 Adaptive Algorithms

A few adaptive algorithms, which exploit the correlation between the two channels in
SAEC, have been derived. In this section, we will investigate important properties of
such algorithms. The algorithms that have been chosen are the two-channel fast re-
cursive least mean squares (FRLS), Tab|6], applied in a subband scheme and the
unconstrained versions of a two-channel frequency domain adaptive filter,Zlalle

For comparison, the normalized least mean square (NLMS), is also studied. I'8Table
calculation complexity, signal path delay and memory usage of these algorithms are
exemplified, and finally in Se@®, convergence and tracking properties are shown in
simulations. All complexity and memory usage numbers are calculated for the full
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SAEC, i.e. withfour adaptive filters antlvo return signals, as depicted in Fi.

2.1 Normalized Least Mean Square

The NLMS is without competition the most common adaptive filter, and its strengths
include robust behavior, and its structure allows for simple implementation. The error
signal and the filter updates are calculated as

e(n) = y(n) —xi'hy(n — 1) — xFha(n — 1), 1)

hi(n)=hi(n—1) + %xi en), i=12 2)

X1 X1 -+ X5 X2
wherey; is the transmission room signal vector containing thellasamples for chan-
neli, andh; (n) the filter estimate vector. The main disadvantage with this algorithm
Is the slow convergence rate on signals with large correlation matrix eigenvalue spread
[8], as speech signals, and with correlated channels in the two channel situation. For
the long adaptive filters needed in SAEC, calculation complexity is also significant.
The number of real-valued multiplications per sample needed for the four adaptive
filters depicted in Figl is 8L for real-valued signals and 82for complex-valued
signals. The calculation complexity can be reduced by applying the adaptive filters
in a subband structure, but this will also introduce signal transmission delay to the
otherwise delayless NLMS algorithm. This is described in 3et.

2.2 Two-channel Fast Recursive Least Mean Squares

A complete analysis of the two-channel FRLS algorithm, Tdbie beyond the scope
of this paper. However, a general analysis of the RLS algorithm can be found in [8]
and stabilized two-channel versions are described in [6], [9], [10].

In contrast to the NLMS algorithm, estimates of the signal correlation and the
cross-correlation between the two channels are incorporated in the Kalman gain vector
G, and used in the update of the adaptive fiftehis improves the convergence rate
significantly over the NLMS algorithm, but it is also the cause of the well-known
instability problem of RLS type algorithms.

In this version, stability is improved with the stability parame¢eBut for opera-
tion on non-stationary signals, like speech-signals, further enhancements are needed.
First of all, by monitoringp, it is possible to detect if the algorithm is about to become
unstable. If this is the case, the parameters in the prediction part are reset to a suitable
start value, while the adaptive filter estimaftecan be left unchanged. Secondly, the
algorithm can be applied in a two-path structure [11], where the adaptiveﬁ‘iiter
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Table 1: Two-channel FRLS algorithm for complex arithmetic. The transposition and
the Hermitian transposition operators are dendtesd!, respectively, and the con-
jugate is denoted. A € (0, 1] is the forgetting factor ankl € [1, 2.5] a stabilization
parameter.

Input signals Matrix sizes
XM =[x xm]’ @x1
xm=[xTm ... xTo-L+1] 2L x 1)

Prediction

ea(n) = x(m — AP —Dxn-1) (2x 1)
p1(N) = p(n — 1) + e (MEZ (N — Dea(n) (1x 1)
mg;‘;] = [G(no_ 1)} + (2L +2) x 1)
[—A(Inz— 1)] Ex’ (= Dea(m
eg,(N) = x(n— L) — B (n — Hx(m) 2x 1)
p(N) = g1(N) — ef, (MM(n) (1x 1)
A(n) =A(n— 1) + G(n — DeR (n)/p(n — 1) 2L x 2)
Ea(n) = A[Ea(n—1) + eA(n)e,Z| (N)/e(n —1)] (2x2)
G(n) = M)+ B —1)m(n) (2L x 1)
eg, (N) = Eg(n — hm(n) (2x1)
eg(n) = keg, () + (1 —k)eg, (n) (2x1)
B(n) = B(n — 1) + G(n)ef (n)/¢(n) 2L x 2)
Eg(n) = A[Eg(n—1) + eBZ(n)egz(n)/q)(n)] (2x2)

Filtering
e(n) = y(n) — hH (n — Hx(n) (1x1)
h(n) = h(n — 1) + G(n)e*(n)/p(n) (2L x 1)

Definition

F1(n)=[ﬁl,o(n) ho.oM) -~ hyp_1(M) ﬁ2,|_—1(n)]T

copied to a static filter, if it is a better estimate than a previous copy. The static filter
Is then used for the actual filtering.
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Another disadvantage with the two-channel FRLS in most situations is the high
calculation complexity. The number of real-valued multiplications per sample needed
for the four adaptive filters depicted in Fifj.is 32L and 12& for complex-valued
signals. Most likely this algorithm will be used in subband structures, in order to de-
crease the complexity, but also to improve stability by having shorter adaptive filters.
Like for the NLMS, this will introduce signal transmission delay.

2.3 Two-channel Frequency Domain Algorithm

Frequency domain algorithms perform better than the NLMS on signals with large
correlation matrix eigenvalue spread, like speech signals. In the adaptive filter up-
date of the NLMS, 2), the same normalization factorlel—kszxz, is used for all
frequencies, independent of the spectral characteristic of the excitation signals. In
the two-channel frequency domain filter, Tal@eeach frequency bin has an inde-
pendent normalization factor. In the updatdjg?fk, in Table2, this normalization is

represented by the spectrum estimate veS{dt In the same equation, the channel

cross-correlation is taken into account by the terﬁi,zéz" éx;(m — k), where the
parametep controls the amount of cross-correlation in the adaptation. This improves
the performance when the two channejsandx; are correlatedS,i, i = 1,2, are
regularized versions d§ i, since this greatly decreases the misalignment in poorly
excited frequency bands.

The algorithm given in Tabl2 is, except for the regularization, an exact derivative
of a time-domain block LMS, and is denoted the constrained version. Large com-
plexity reduction is possible by replacifiyVo,F~1 with the identity matrix, without
significant reduction of the performance [7], and this version is denoted unconstrained.
For the unconstrained version, the optimal step-size parametg=s2(1— ). In the
algorithm in Table2, the input data blocks have no overlap (= 1). By overlapping
the input data, it is possible to increase the convergence rate, and in the simulation
section, we use only 25% new input-data for each iterat@n=£ 4). It is also pos-
sible to have several adaptive filter taps per frequency bin, however in this paper, we
will only consider the situation with 1 tap per frequency bin, Ke= 1.

Forao = 1, the unconstrained version of the algorithm in Teleith two return
signals €1,e2), requires 3 FFTs on vectors witi.2lements plus 148 real-valued
multiplications and 8 real-valued divisions pdr samples. The fact that 2 real-valued
FFTs can be calculated with one complex-valued FFT, have been used. For the over-
lapped version, the complexity is approximately increased with the fagtoThe
signal transmission delay is equal to the block dizeln contrast to the FRLS, this
algorithm is very robust. A complete analysis of the algorithm is given in [7].
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Table 2: Two-channel frequency domain adaptive filiedenotes channel 1 or 2. The
block size is denotell, and the number of adaptive coefficients per frequencyhin
resulting in a total adaptive filter length &fL. Forgetting factor O< 8 < 1, channel
cross-correlation dependence<0p < 1 and adaptive step size,. F denotes the
Fourier matrix.

Input signals Matrix sizes

Xi(m)=diag{F[xi(mL—L) xi(mL+L—1)]T} (2L x2L)

y(m) = [Ope y(mL) -+ ymL+L -] (2L x 1)
Power spectrum estimation with regularization
S,j(m =S j(m—1) + (1= HX(M)X; (M) (2L x2L)
S.i(m) =S j (M) + diag{ereg} (2L x2L)
Si(m) = S j (m) [l 2121 — (2L x2L)

2cx & & -1
281 oMy 2 {811 2m)] |

Filtering
K-1 .
gim =" Xj(m—Kkh  (m—1) (2L x 1)
k=0
e(m) = y(m) — WaF 1 [§) () + 9,(m) | (2L x D)
Ay (M) = Ay (M — 1) + upFWoF 1St (2L x 1)
[xj(m — k) — pS1,28; BX3(m — k)] Fe(m)
Ry k(M) = Ay (M — 1) + upFWoF 1S5t (2L x 1)
[x§(m —K) — pSp.1 51X (M — k)] Fe(m)
Definitions
e(m) =[O emL) - emL+L—1]" 2L x 1)
N AT T
Ry o) = F [AT ) Opq | (2L xD)
i) = [AiL M A _am]’ (Lx1)

Wi = diag{[OlXL 11XL]} , Wy = diag{[llXL leL]}
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Table 3: Calculation complexity as the number of real-valued multiplication per sam-
ple, the transmission delay in ms and the memory usage in words, for the algorithms
used in the Simulation section.

NLMS in FRLS in Frequency
‘ NLMS — FRLS subbands subbands LMS
complex. 8.2k 33k 0.72k 2.6k 1.0k
delay (ms) 0 0 64 64 64
memory 6.1k 18k 17k 40k 66k

2.4 Adaptive Filtering in Filterbank Structures

In subband structures, an analysis filterbank divides a signalNhtiown-sampled
subband signals, which each represent a frequency region. Then the adaptive filtering
is performed on the subband signals, and the fullband residual echo signas

finally reconstructed with a synthesis filterbank. Since down-sampling aliasing has a
very negative effect on the convergence of the adaptive filter [12], the downsampling
factorr is usually less thaivl. For FFT based filterbanks we will only need to have
M/2+ 1 complex-valued adaptive filters since Meg2— 1 upper subbands differ only

by the conjugate from the lower counterpart. The calculation complexity reduction
comes from the fact that each adaptive filter ismes shorter and only updated once

for eachr fullband sample.

The biggest disadvantage with a filterbank is the introduced signal path delay. For
linear phase filterbanks, this delay is equal to the length of the prototype filter, which
depends on several factors, including: aliasing, attenuation, and the istid=or 60
dB stopband suppression antM = 0.75 we need approximately M filter coeffi-
cients. In addition to this we need approximately 5 non-causal taps per subband [13].
If the the inherent flat delay in the receiving room is less, we can artificially delay the
signaly.

Four analysis filterbanks, decomposirg X2, y1, y2 in Fig. 1, and two anal-
ysis filterbanks,e;, &, are needed. The number of real-valued multiplication for
the four analysis filterbanks i%(4K + 4M log, M — 14M + 24) per sample, and

%(ZK +2M log, M —7M + 12) for the two synthesis filterbanks, whelfeis the filter
length [10].

3 Simulations

The convergence rate and the ability of the algorithm to track echo path changes highly
effects the performance of SAECSs. In this section we will exemplify these properties
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with real-life data recorded in a quiet office-like room. Both the recordings and the
simulations are performed with 16 kHz sampling rate. In order to reduce the correla-
tion between the two channels, the data was processed with a non-linear function, [2]
an = 0.5. As performance index the mean square error (MSE) energy of the residual
is used. The MSE is given by,

Pe 5

MSE= -2, Pe= LPF[e (n)], 3)

Py
where LPF denotes a lowpass filter; in this case it has a single pole in 0.9996. Four
different systems are used in the simulation. The classical NLMS algorithm, with
each adaptive filter having a length of 1024 taps. Both the NLMS and the two-channel
FRLS algorithms in a subband structure, with 64 subbands and a downsample factor
of 48. Each adaptive filter have 28 taps, corresponding to 1024 fullband taps plus 320
non-causal adaptive filter taps. Finally, the frequency based algorithm has a block-
sizeL = 1024,K = 1 filter taps per frequency bin and the input-data overlap factor
oo = 4.

In Fig. 2 the initial convergence and the tracking ability of the algorithms are
shown. There is an instantaneously changtefreceiving room impulse responses,

h; (t), after 20 s. Both the FRLS in subbands and the frequency domain algorithm
perform very well. In Fig.3 there is an instantaneously changelad transmission
room impulse responses; (), after 5.1 s. As can be seen in the figures, the two
algorithms specially derived for the two-channel situation are less affected than the
other two.

Finally in Fig. 4, it is shown that even if the fullband NLMS appear to perform
reasonably well in Fig2 and3, it does only perform well in the region with the most
signal energy, 200—2500 Hz. As the human ear is sensitive also for higher frequencies,
Fig. 4 tells us more about the perceptual quality than previous figures.

In order to study the stability of the FRLS algorithm, 24 hours of real-life data
was processed. On average each subband was restarted every 18 s. These restarts are
handled with little effect on the performance. In F2ghere are 33 restarts, on average
one per subband, and 13 of them occur in the time-interval 16—19 s.

4 Conclusions

From the simulations it can be concluded that the two-channel FRLS and the two-
channel frequency domain based echo canceler has significantly faster convergence
rate than a NLMS based echo canceler. As is depicted in3Fipe two two-channel
algorithms are also less affected by the fundamental problem in stereophonic acoustic
echo cancellation, i.e., that the two channels are highly correlated.
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Figure 2: (a) Transmission room speech signal (left channel). Instantaneous
receiving room impulse responsés(t), change after 20 s. (b) Mean square
error performance for four adaptive algorithms: NLMS (dash-dotted line), sub-
band NLMS (dotted line), two-channel FRLS (solid line), two-channel fre-
guency algorithm (dashed line).

Table3 illustrates that the calculation complexity of the fullband versions of both
the NLMS and the two-channel FRLS algorithm is significantly higher than the other
systems evaluated, and that the calculation complexity can be reduced by more than 10
times by using a 64 band filterbank. The disadvantage is the signal transmission delay
imposed with a filterbank based echo canceler. The system designer can though make
the compromise between calculation complexity reduction and signal transmission
delay by altering the number of subbands.

Finally, it should be remembered that two-channel FRLS needs to be stabilized.
As pointed out in the paper, the algorithm may need frequent restarts in order achieve
system stability. The frequency-domain algorithm on the other hand be guaranteed to
be stabile [14].
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Paper Il

Analysis of Subband Impulse Responses in Subband
Echo Cancelers

Abstract

Several types of subband echo cancelers have been presented and used in
acoustic applications such as hands-free mobile communication and video confer-
encing. In these structures, adaptive filtering is performed in the subband domain,
and in this paper we analyze the resulting subband impulse responses. It has pre-
viously been shown that a causal fullband impulse response is best modeled by
non-causal subband impulse responses. In this paper, we analyze the rationale of
the non-causality in various situations: ideal infinitely long filters as well as real-
izable finite filters. The theoretical results are also exemplified with simulations.
To compensate for non-causal subband filter taps, a signal path delay can be in-
troduced in the signal. Formulas for calculating the minimum mean square error
for the optimal subband impulse response as a function of this introduced signal
path delay are presented. This way, a suitable value of the signal path delay can
be determined.

Based on: P. Eneroth, and Taf@sler, “Analysis of Subband Impulse Responses in Subband
Echo CancelersJEEE Trans. on Signal Processingubmitted 2000.
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1 Introduction

Adaptive algorithms are today in use in numerous applications. One of the most used
algorithm in practise is the least mean square (LMS) adaptive algorithm. It has several
advantages, such as robustness, a very simple structure, and, in most applications, the
convergence properties of the LMS algorithm is sufficient. In some applications, such
as acoustic echo cancellation, where the number of filter taps to estimate is large, up to
several thousands, the computational complexity of the LMS algorithm is high. Also,
the LMS algorithm converges slowly on signals with a large correlation matrix eigen-
value spread [1], as for example with speech signals. These drawbacks can be reduced
by dividing the input and the desired signal into subband signals, where each subband
corresponds to one mostly non-overlapping frequency interval. The subband signals
are downsampled and since adaptation is performed at a lower rate on the subband
signals, the computational complexity can be reduced. As an adaptive subband struc-
ture is parallel by nature, implementation on high-performance parallel digital signal
processing systems should be efficient. The convergence rate is improved because
the eigenvalue spread in tleffectivefrequency range of the subbands is reduced [2],
where “effective” is the frequency range used in the estimation of the subband im-
pulse response. The major disadvantages of subband structures include aliasing due
to downsampling [3], the transmission delay introduced in the signal path, and the
necessity to model a few non-causal impulse response taps [4], as discussed in this
article.

For the most commonly used subband echo canceler structure, illustratedin Fig.
the echo cancellation takes place in the subband domain. The residual echo signals,
em(K), are then used to reconstruct the fullband signal by the synthesis filterbank. If
the filterbanks are not properly designed, aliasing can be a major source of distortion.
Even though perfect reconstruction synthesis filterbanks cancel aliasing, aliasing still
exists in the subband signals, and this will significantly decrease the performance of
the adaptive filters, as shown in [3]. A second way to decrease distortion caused
by aliasing is to use filterbanks with non-critical downsampling, where it is possible
to suppress aliasing sufficiently by designing filters with high stopband attenuation.
This is the preferred method in echo cancellation; thus the analysis in this paper will
consider filterbanks with non-critical downsampling.

An alternative subband structure, which does not introduce extra delay to the sig-
nal path, has been introduced in [5]. Like the structure described above, the adaptive
filters estimate the impulse response in subbands. Instead of performing the compen-
sation in the subbands, the fullband impulse response estimate is reconstructed from
the estimated subband impulse responses. Using this reconstructed fullband impulse
response, echo cancellation is performed in the time domain without introducing extra
signal path delay in the near-end signal. The price payed for zero signal path delay
Is increased calculation complexity, though it is still lower than for the fullband LMS
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Figure 1: Subband echo canceler and model of acoustic echo path. In each
subband, an adaptive algorithm estimates the subband impulse response
and the subband residual echo sigaalk) is generated.

case [5].

Adaptive filtering is a way of solving a minimization problem, and in subband
structures we can usually choose between two minimization problems. In echo can-
cellation, the optimum solution is to minimize the mean square error (MSE) of the full-
band error signal, fe(n)|2}, and structures minimizing this signal are caltédsed-
loop. Closed-loop structures permit the adaptive filters to partly compensate for errors
introduced by the non-ideal analysis and synthesis filterbanks [5]. The other method,
open-loopis a sub-optimal structure, where the MSE of every subband error signal,
em(K), is minimized independently of the other subbands. The latter structure is com-
monly used, since the delayed error signal in the closed-loop structure reduces the
convergence rate [6], [7].

In this paper, we analyze the subband impulse responses for open-loop subband
structures, i.e., the error in each subband is minimized separately. First, the true sub-
band impulse response in an ideal system is derived. It is shown that, due to the
bandpass characteristics of the subband signal, the ideal subband impulse response is
non-causal and of infinite length. Then the Wiener solution for the subband impulse
response is derived in the frequency domain. Due to aliasing, this solution has a very
large variance close to the band edges. Next the optimal finite length MSE solution
is calculated. In subband systems with non-critical downsampling, this solution can
be quite different from the true subband impulse response since the subband signal
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energy in some frequency regions are near zero. Finally, we investigate convergence
properties of the LMS algorithm on non-critically downsampled subband signals. In
contrast to the optimal MSE impulse response, the LMS estimates in the frequency
regions with near zero signal energy will remain near the initial value [8]. Therefore
the LMS estimate will have bandpass characteristics similar to the true impulse re-
sponse in the ideal system. All these analyzes will showdhasalfullband impulse
responses are best modeled withn-causakubband impulse responses. Therefore,
when implementing echo cancelers in subband schemes, it is important to be able
to model a few non-causal subband impulse response taps. This can be done by in-
troducing a delay\ in the near-end signal, Fid- Also presented in this paper are
formulas for calculation of the minimum mean square error as a function of the in-
troduced delay\ for a given fullband impulse response and analysis filterbank. By
using these formulas, the optimum del&yfor a given system can be calculated. The
non-causality has earlier been investigated by [4], and the introduction of a near-end
signal delayA to compensate for this model error has been used in [4], [9], [10]. The
main contributions of this article are the analysis of the problem in different system
situations, especially for realizable situations, and the formulas presented, by which
the optimum delay in the optimal MSE solution can be determined. The influence
that the LMS class of adaptive filters have on this problem is also of interest.

2 System Description

In order to derive an expression for the subband representation of a fullband impulse
response and the minimum mean square error, we will analyze the subbands sepa-
rately. In Fig.2, a model of the signal path for subband numimeis presented. The
fullband impulse response to be estimated is denlotegland the estimated subband
impulse response Hyn (k). For analysis purpose, the far-end sigiah), is assumed

to be a white Gaussian noise signal. The near-end signal is represented by a filtered
version ofx(n) with the addition of noise,

N-1

y(n) =Y h@xmn—i)+vn), (1)
i=0

whereN is the length of the fullband impulse respoiga). The near-end and back-
ground noise signakl(n), is assumed to be independent of the far-end sige(al,

and to be of zero mean. The far-end signal is delajxeshmples, in order to artifi-
cially increase the flat delay of the system impulse respbise Both the far-end

and the near-end signals are then bandpass filtered by the analysis filtexhémk,

and downsampled by a factotimes. Downsampling is defined &g (k) = Xm(rk),
whereXmn(rk) is the subband signal before downsampling, and the downsampled sub-
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| an) Xm(n)= o Xm( )= A ﬂ&

Figure 2: Signal path model for subbamd. The estimated subband impulse
responsdm (k) should minimize the subband residual sigeatk).

band signals can be expressed as,

L-1

Xm(K) = ) " am()x(rk —i), (2)

i=0
L-1 N—-1

ym(K) = > am(j) D h)xrk — A —i - j)
j=0 i=0

L-1

+ Y am@v(rk — A —q),
q=0

N—1 L—1+i

- Z Z am(p — Hh@)XTk — A — p)

i=0 p=i
L-1

+ ) am(@u(rk — A —q), -
g=0

where L is the length of the analysis filtag (n).

3 Analysis of the Subband Impulse Response

In this section, we will analyze the subband impulse response, given an analysis fil-
terbank and a fullband impulse response. Of special interest is the subband impulse
responses in systems with non-critical downsampling, i.e< M, wherer is the
downsampling factor ani¥l is the number of subbands. The analysis is divided into
four parts. First we will derive the true subband impulse response, given an ideal sys-
tem. Then we will consider the infinitely long Wiener solution for a filterbank with
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x(Nn) Lm(n) Ym(K)
— am(n) = h(n) lr —

Y

xm(k) Im(K)

hmk) —

Y

Ir

Figure 3: In an ideal system, this model is equivalent to the model presented
in Fig. 2for A = 0 andv(n) = 0.

finitely long filters. Aspects such as downsample aliasing will be taken into account.
Thereafter we will limit the subband impulse response to a causal FIR filter and the
optimal subband impulse response in a minimum mean-square error sense is calcu-
lated. Finally, we will examine what influence the use of the LMS algorithm will have

on the subband impulse response.

3.1 Ideal System

In an ideal system, the analysis filterbank has infinitely long non-causal bandpass
filters with perfect frequency separation. Both the near-end sigal, and the in-
troduced signal path delay, are set to zero, in Fi®2. Now ¥, (n) can be written
exactly as a linear combination of the input signal samples—i),i € Z. The two
filters, h(n) andan(n), are interchangeable, and an equivalent structure is shown in
Fig. 3. Since the signatm(n) is an ideal bandpass signal, it is possible to reconstruct

it from the downsampled signal(k), if the downsampling rate satisfies the sampling
theorem. Leti(n) denote the upsampled versiongf(k),

| Xm(k), n=rk
u(n) = { 0, n#rk ° (4)

Then the fullband signan(n) can be written as
Km(n) = u(n)  hg(n), (5)

wherehBP(n) is an ideal bandpass filter,

hBP(n) = sinc(ﬂ) el Fn. nez, (6)
r

and sinx = Sijrr";x. The center frequency of the bandpass filter is determined by the

subband numbem, and the bandwidth by the downsampling factotJsing 6), the
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true subband near-end signal can be expressed as a functiGm pf

oo N-1
ym®) = > Y uk —i — HhEHA()). (7)
i=—o0 j=0

Since the input signal ir/], u(n), has non-zero samples only foe= rk, (4), the noble
identity [11] is valid and the filtering and the downsampling can be interchanged:

00 N—1
ym(K) = > uk —rp) > heParp — g)h(g)
p=—o00 q=0
= X (K) * [(hﬁp «h) | r] . (8)

The true subband impulse response, now directly giver8yaé

hm(k) = [EP() « ha | 4. (©)

shows that aausalfullband impulse response of finite length transforms intma-
causalsubband impulse responses withnitelength, [4], ifh(n) # O foranyn # rk,
keZ.

3.2 Wiener Solution

In this section, we will derive an expression for the transfer function of the subband
impulse response when the analysis filterbagk isnon-ideal An illustration of such
filters are shown in Figd. Like in the previous section, the corresponding impulse
response may be infinitely long and non-causal.

The optimal transfer function for subbamcan be derived from the power spectra
and cross-power spectra of the subband sigralk) andym(k) [12],

. Xen f

Note that the corresponding impulse respomﬁﬁiﬁ”(k), can be of infinite length and
non-causal. The power spectra of the subband signals are derived in Apperigix
setting the variable delax = 0, see B), they can be expressed as,

2r—1 f—d 2
Simin( 1) = X 3 Am(r—) , (11)
d=0
2r—1 2
o f—d f—d
S =20 () () 0
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| Am( )]
NG
5 -
0 L 1 3 5 f
2M 2r 2M 2M

Figure 4: An example of a filterbank suitable for the structure presented in
Fig. 1. The filters approximately prevent aliasing by sufficient stopband atten-
uation; see filtem = 0 for f > 2.

whereH and A, are the Fourier transforms bfn) anday,, respectively. Usingl(0),
(11), and (2), the optimal subband transfer function is

2 r—1
S R S S TEE P EE
Haen( ) = = Od#d SN CE)
An(50m)|" 1 \Am< )
d= Od#d

whered,, denotes an integer for which the analysis fiI&ﬁ(%) has its passband

somewhere in the region% < f < % That is, the first term in the numerator in

(13) corresponds to the expected impulse response estimate and the following sum
corresponds to aliasing errors. In the passbandgff), Fig. 5, the summations in
both the numerator and denominator are small and equdtB)rcén be written as,

—d 2m—-1 f —d 2 1
M) toepp(f), o= 1 ZGm _AMEL gy

- f
Hn™(F) = H( 2M r 2M

whereepg(f) is the error due to aliasing. The error has the subscript PB since this
is in the passband region of subband With properly deS|gned analysis filterdy,
this error should be small, typicallgpg(f)] < (r — 1)AsgH ( _dm) where Aspg

is the stopband attenuation af,. This sincespp is a sum ofr — 1 aliasing errors

that have been suppressed by the fiftgr In the transition bands @iy, 17 — % <

f—d 2m-1 2m+1 f—d m 1 i i
m < and < T < 31 + 7, all terms in (3) are small, especially

r 2M r
f —dm

for I=dm ~ m _ 1 and n ~ M 4 1 Fig.5. Let us rewrite {3) for one specific
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[ Am( )]
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Figure 5: Frequency response of the analysis filter for subband@he region
between theZi-! and 2L is denoted the passband, and betwﬁae 1

and 23! the transition band At frequencies closeffo- & and {1 + -, the
subband signalgm (k) andym(k) are suppressed, and are therefore dlsturbed
by aliasing.

frequency,fo,

fo— dm
, adn, H (=) +

Zd 0%d

wherea(.) can been seen as attenuation constants.correspond to the attenuation
constant for the expected subband, and all othgrfor alias components. Fofo
close to the band edges of the analysis filter, Bjgq,, is small and there exist other
(. with the same magnitude. How many and for which frequentjebat otherx.)
are in the same magnitude@g, depend on the characteristics of the stopband region
of an,. Moreover, magnitude and phase changeBbl 6f ) also affect hOV\Hr\]’qVien( fo)
is effected by the alias components.

Let’s start with examine a special case, namely, we redttict) so that all alias
components inX5) have the same magnitude,

'H(f:dm)'=‘H(fr_d)‘ delo,...,r —1], (16)

and a linear phase-function, with phase depending on the downsamplingrfactor

arg{H(f)} = 2xfri, i eZ. a7)

One function satisfying1(6) and (L7) is the pure delay functiorh(n) = §(n —ir),
where the delay is a multiple of the downsampling factorl6)@nd (L7) are satisfied,
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(15) can be reduced to,

i fo—d 1 1
Hr¥¥'e“<fo>=H< - ”‘>,

Thatis, Hr‘{]"ie“( fo) has the expected value for all frequencies, blr;ﬂie”( f)is acausal
function if H(f) is causal.
In a second interesting special case we assume that several of the@éﬂr(r@f—d),

in (15), have the same order of magnitudex@sH (@). If, in addition to this, the
phase function of the terms are changing fast enoudi can be reduced to,

HWen fo) ~ 0, (19)

for fo close to the band-edges. In this ca\d;),é,“e”(f) approximately follows the be-
havior of the analysis filter, thus spreading of the impulse response (inverse Fourier
transform of HY'®"(f)) occurs, thereby necessitating non-causal taps in the model
filter.

Finally we examineX5) for arbitraryH (f). Even if the uncertainty is large, one
can conclude that fofg close the the band edgesV®"( fo) is likely to have a value
that significantly differ from the expected value, i.e.

(fordm)
———— +eT8(fo), (20)

-
d=0%d

- H
Hyen( fo) = =

whereetg(fg) can have the same order of magnitudel—b(sfo;ﬂ). The subscript

TB on the error is used since this is in the transition band of subbbanth many
situations, this behavior at the band edges, are better modeled with non-causal rather
than causaH Ven(f).

3.3 Minimum Mean Square Error Solution of Non-ideal Systems

In this section, we will study the minimum mean square error (MSE) solution. In con-
trast to the previous section, a realizable system with finite length filters is assumed.
As has been shown in Secti@nl, the true subband impulse response is hon-causal
and of infinite length. In order to model a number of non-causal impulse response
taps, a delay is introduced in the near-end signal path, FAg.

The optimum subband response is found by minimizing the mean squared error in
each subband,

Nm—1 2

min Eem(K)[> = min E |ym() — > Am()xmk —i)| . (21)
Am, A Am, A o
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whereNp, is the length of the estimated subband impulse respbmséhe solution
to (21), for a givenA, is the well-known finite length Wiener filter [1]. The optimum
subband transfer function can be written in matrix form as

hmse: R;n:wLmemem’ (22)

whereRy.. x, IS the correlation matrix,

¥YXmXm (V) ¥YXmXm D o YXonXm (Nm—1)
Venxen (D) Yxmxm (0) “ Yxmxm(Nm—2)
Rimm = : : . : (23)
V)?mxm (Nm—1) )’;mxm (Nm—=2) --- Yenxm (0)

and hms_e andy,, .. are, respectively, the optimal impulse response and the cross-
correlation vector,

hmse— [hMS§0) hMS§1) ... hTSqNy — 1)]", (24)
Yy = [Pomn @ Pymxn@D -+ Vyon(Nem = D] (25)

The estimation error resulting from using the optimal fihgf€is then [1],

emin = Min Elen()[2 = min | yy,yn (0) = ¥}, N1 (26)
Am. A A

In order to determine the optimal MSE subband impulse response, we have to derive
expressions for the auto- and cross-correlation functions of the subband sigtials

and ym(k), as defined in Sectio and illustrated in Fig2. The calculations are
presented in Appendi&. The autocorrelation of the downsampled far-end signal in
subbandn, xn(k), can be expressed as,

L-1
Vi) = Y am()ag(i —rl)oy, (27)
i=0

whereay, denotes the analysis filter for subbamg oy is the standard deviation of
the white input-signak(n), andr the downsampling factor. The cross-correlation
between the near-end signal(k) and far-end signaty (k) in subbandn s

N-1 oo

Vymin@) =D Y am(j —hMan(j + A —rl)of (28)

i=0 j=—00
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whereh denotes the fullband system impulse response to be estimatedthedielay
introduced in the near-end sign@ln), as defined in SectioB. Finally, the variance
of the near-end subband signal,

N-1N-1 o0
Vmyn @ = Y Y Y am(j —ai(j — phi)h*(p)o?
i=0 p=0 j=—00
L-1L-1
+ ) aman(Hyw(i — 1), (29)
i=0 j=0

wherey,, (1) denotes the autocorrelation function of the zero-mean disturhdange
By using @2), (27) and £8) we can now determine the optimal subband impulse re-
sponse for a given fullband response and a given analysis filterbank. The subband
impulse response can be determined for a given number of non-causal taps by select-
ing the near-end signal delay valve Fig. 2. By using @6), we can also determine
the optimal near-end signal delay valsefor a given fullband response and analysis
filterbank.

For infinitely long filters, the MSE solution presented &P) is identical to the
Wiener solution in {0). Next we will show howh{15€in (22) is affected by reducing
the filter length, i.e. how the MSE solution differ from the Wiener solution. The length
of hp*®in (22) is determined by the sizes B x,, andy, .., and this will be used
in deriving an expression for the relation between the MSE solution and the Wiener
solution. Let’s start by defininig?'®" as a(2C 4 1) N long vector with indices-C N,
to (C 4+ )Ny — 1, which approaches the Wiener solutid®asC — oco. Then, by
using @2), we can find the relation betwe&lj’*" andh™se

RXmehmse: Y ymXm = [RC* RXme RC+] hvn\gien’ (30)

whereRc- andR¢+ are matrices of sizeéNy, x CNy) with the following elements,

[Re-1p.a) = Vxxen (CNm + p — @), (31)
[Rc+1p,g) = Yxmxm(Nm — p+ ), (32)
where[-](p,q) denotes the element in row € [0, ..., Ny — 1], and columng e

[0,...,CNmn]. The matrix[Rc- Rymx, Rc+] denotes row 0 td\Nm — 1 of the

large correlation matrix that belongsh#ie”. Thatis,Rc- is the symmetric extension
on the left side of the correlation matriy,x,, see 3), andR¢c+ the extension on
the right side. The MSE estimate can now be written as,

hmse— Aven 1+ RL [Ro- Onpxnhm Rce+]hien, (33)
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where the first term in33), hV/e", is a sub-vector dfi'" with elements 0 tdNm, — 1.

The second term in3@) expresses how instancesr(#‘e” outside rows 0 td\Ny, — 1
affectshin*€ which is only defined for rows 0 tblm, — 1. This term in a way describe
what we need to sacrifice when we reduce the filter from the siz&6F to the

size ofhy*% To gain a better understanding of this second term we will transfer the
whole expression to the frequency domain. The transformation is performed by pre-
multiplying (33) with the Fourier matribxQ",

Q"] = ——eT®. paco.. No-1] (34)

(p7q) - Nm ) ) PRI m .

As the Fourier transformation of correlation matrices requires Fourier matrices on both
the left and the right sid&QQ" will be inserted. The fact th@RC— ONpp ¢ Nim RC+]

is not a quadratic matrix, and thigl'“" is bigger tharh[;>¢also need to be addressed.
Instead of performing one large Fourier transform, we will calculate the average over
several shorter transforms, by insert@®" /(2C+1), whereQ is a block-matrix of
size((2C 4+ 1)Nm x Nm) with element€). The transform is then,

QHhmse QHhW'en—I—QH xmmeQH

H
.[RC_ ONiy x Nip Rc+] Z%IQ 1hvr¥]|en (35)
— QHﬁvr;/]ien_l_ QH xmmeQHR QQ hW|en (36)

whereQHhMseis the Fourier transform dil'>® denotecHMe In (36), the averaging
is mcorporated intd¢, which is a(Nm x Nm) matrix with the following elements,

c-1
1
[Rtl(p,q) = 2C+1 Z{J/xmxm((l +DNm — p+ ) + ¥, x, ((C +DNm + p — Q)}~
=0

(37)

As is shown in [13]Q" Ry, x, Q is a good approximation of a diagonal matrix where
the elements on the diagonal are the sampled power sp8gixa(q), defined in {1).
The signalx, is filtered by the bandpass filtey,, Fig. 5, and has therefore near zero
energy close to the band edge. Correspondingly, the power spectra is approximately
zero close to the band edge, and that frequency bin is deggted. Sy, x,(0o) =~ O.
Therefore the invers&" R;n}XmQ, will have small values except for a sharp peak in
and possibly around the elemé@"R;L, Q1 (go,q0)-

Due to the bandpass filteg,, the correlation functiony,x,, (1) is bounded by a
decreasing function. Therefo®; will have its biggest elements at or close to the up-
per right and lower left corner. As is examined in [13], this cannot be approximated by
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a diagonal matrix. HencQ" R, L, R{Q in (36) will, due to the peak iQ" R, 1 Q,

have one or a few adjacent rows, at rgyy that are dominant. Therefore, the value of
HMS¢qo) can be significantly different from the Wiener solutiétf!®"(qo). Actually,

HmMS€ can have a near arbitrary shape for frequencies close to the band edges of the

analysis filteran,.

3.4 Adaptive LMS Solution

The LMS algorithm is known to converge to the MSE solution as the time ikkdex
00, except for a small error denoted excess mean-squared error [1]. Of more interest is
knowledge about the convergence over a shorter time interval. Also in [1], it is shown
how a large eigenvalue spread of the correlation matrix decreases the convergence
rate. In this section it will be shown how this affects the convergence of the LMS in
subband structures.

Denoting the optimal impulse response B¢ and the estimated impulse re-
sponse at timé& by him(k), the weight-error vector is defined as,

em(k) = hm(k) — hmse (38)
In [1] the following LMS weight-error vector update formula is given,
em(kK+1) = [I — uXm(KX K lemK) + uxmK)eh(K), (39)

wherel denotes the identity matrixm (k) the input vectofXm(k) . .. Xm(K — Nm +
117, u the LMS step-size parameter, agglthe estimation error produced in the
Wiener solution. The ensemble average of input-signal magik)x (k) equals the
correlation-matrix,

Rymxm = EXm(K)XH (k)}. (40)

The correlation-matrix can approximately be decomposed into two Fourier matrices
(34) and one diagonal matrix [13],

Rymxm ~ QAmQ", (41)
whereAn, is the diagonal power spectral matrix,

Am = diag[S(mxm(O), Simxm (D - -+, Sirxem (Nm — 1)] . (42)

Now the expected value 089) can then be written as,

Efemk + 1)} = Q[ — uAmIQ" E{em(K)} + 1E{Xm(K)€}(K)}. (43)
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In order to study the convergence of the LMS algorithm in the frequency domain, we
transform @3), using the Fourier transform opera®Ff,

Tmk+ 1) = Q" Efem(k + 1))
= [l — uAm]TmK) + ME{Xm(k)eg(k)}’ (44)

whereXm((K) = [Xm(k,0) ... Xm(K, Nm— 1)]T is the discrete Fourier trans-
form of xm(k) andI'im(K) the discrete Fourier transform of the weight-error vector
E{em(k)}. When the LMS algorithm is operating in a subband structure with non-
critical downsamplingxm(k) will be a bandpass signal, since the analysis filterbank
am Will suppress signals in the frequency range outside subbandh those sup-
pressed frequency regions, the corresponding power spe&gm(g) is approxi-
mately zero. If we examine the frequency domain LMS weight-error vector update
formula, @4), in the stopband frequency region of the analysis filter, these modes will
hardly be updated since

1 - MS(me(q) ~ l’ (45)
Xm(k, q) ~ 0. (46)

Therefore the LMS algorithm will on the average converge extremely slowly in those
frequency regions, i.e. the estimates will remain close to the initial value, usually zero.
Due to this, the estimated subband transfer function will have a bandpass characteris-
tic, approximated by

Hm(f) ~ HES(HGRT (). (47)
whereGEF is an ideal bandpass filter, and transformed into the time domain, we find,

hm(k) ~ h*(k) * g’ (K, (48)
where the bandpass filter is,

1 . k i 2rm
gBP(k) = W smc(W) el WK, keZ. (49)
The center frequency of the bandpass filter is given by the subbgraihd the band-
width by W, whereW is dependent on the analysis filtay, and is in the range
r <W < M, Fig.5.

From @8), it is clear that subband impulse responses estimated by the LMS algo-
rithm in systems with non-critical downsampling will be similar to the true subband
impulse response, given i)( HowevergPP(k) has smaller bandwidth than the band-
pass filter in the ideal solution9), sincer < M. Consequently, the LMS estimated
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(@ (b)
1 1
h(n) = &(n) h(n) = 3(n)
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Figure 6: Ideal subband impulse response for the fullband impulse response
h(n) = §(n), (a) Introduced signal path delay = 21, see Figl. Note thatA
is a multiple of the downsampling factor= 3. (b) A = 20.

subband impulse response may neeste non-causal tapkan the ideal subband im-

pulse response. In Sectidnthe validity of @8) is confirmed by simulation examples.

In the design of systems, it is important to compensate for the non-causal subband

impulse response taps, especially when the flat delay of the fullband impulse response
is short. As presented in earlier sections, non-causal taps are made causal by delaying
the near-end signal taps [4], see Figl and2.

4 Examples

The first example will show two delayed and truncateeal subband impulse re-
sponses, as derived in SectiBri. Consider a system with the fullband impulse re-
sponseh(n) = §(n) and a downsampling factor of = 3. In latter examples, we
consider systems witM = 4 subbands, but this information is not needed in order to
calculate the ideal impulse response. In order to model a number of non-causal filter
taps with a causal FIR filter, a delay is introduced in the near-end signal, Fig.
and2. If A is a multiple of the downsampling factor the total impulse response,
h(n) = 8(n — Ar), can be perfectly modeled with a single tap. This is shown in
Fig. 6(a). If the delay is not a multiple of the downsampling factor, the subband im-
pulse response is an infinitely long non-causal filter. A truncated example is shown
in Fig. 6(b). Since the lowest subbanah, = O, is real-valued, it will be used in all
figures.

In Section3.3, formulas to calculate the minimum mean square error subband
impulse response were derived. Consider the fullband impulse response from the
previous example. As above, the filterbank Mxs= 4 subbands and the downsample



108 Paper Il Analysis of Subband Impulse Responses

(a) Minimum mean square error
=25 T T T

dB
A
[

=000 s - gmngan

|
40 50 70 80

0 10
Delay A
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Figure 7: Optimal subband characteristics of subband 0. Fullband impulse
responsé(n) = §(n). (a) Minimum mean square error as a function of in-
troduced near-end signal deldy. (b) Optimal subband impulse response for
A = 20. (c) Corresponding transfer function.

factor isr = 3. The analysis filters are designed to have a flat passband region with an
amplification of,/r. In the transition bands, the sum of two adjacent filters will also
have an amplification of/r and in the stopband regions the filters have at least 80 dB
attenuation. The filters are illustrated in F4y. The adaptive subband filter length is

30. The minimum mean-squared error of the optimal subband impulse respanse,

is then calculated usin@6) for different values of the near-end delay In Fig. 7(a),

emin IS plotted as a function oA. Especially notice that when is a multiple ofr,

the optimum subband impulse response has zero minimum mean-squared error. This
occurs since the fullband impulse respoh@® = §(n—rk), k positive integer, has an
exact representation in the subbands for downsampling fecidris also corresponds

to the special casd ), (17) and (L8), analyzed in SectioB.2 The optimal subband
impulse responsén°€in (22), for A = 20 is shown in Fig7(b). Since the delay
introduced in the near-end signal equals 20 and the downsampling factor is 3, subband
impulse response taps 0 to 6 in Figb) represent non-causal filter taps.
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The result in Fig.7(a) shows the error when the optimum subband impulse re-
sponse is calculated according @2). Usually, we need to estimate the subband
impulse response with an adaptive filter. Using the same setup as i, Mg es-
timate the subband impulse response with the normalized LMS algorithm instead of
calculating the optimum response [2]. A white Gaussian noise signal is used as
far-end signal, and the NLMS algorithm is adapting on 20000 samples. The last 1000
samples are used to calculate the variance of the error signal and this value is averaged
over 100 simulations. The results are shown in BigAs can be seen in Fig(a),
the mean square error is reduced when a dalayintroduced to the near-end signal.

If Fig. 8(c) is compared against Fig(c), it is obvious that the LMS solutions has

not converged to a value close to the minimum mean square solution for frequencies
f ~ 0.5. This is due to the fact that the NLMS algorithm converges extremely slowly
in frequency regions with near zero signal energy, as is shown in S&ctioBecause

of this, a slightly bigger\ may be needed when the NLMS algorithm is used, in com-
parison with studies of the MSE solution or when adaptive algorithms which take the
signal correlation matrix into account are used.

For comparison, the previous simulation is repeated with the recursive least squares
(RLS) adaptive algorithm. The RLS algorithm is adapting from a zero state on 1000
samples. The variance of the residual error is calculated using the last 500 samples,
and an average over 100 iterations is presented ind&). Note that the RLS solu-
tion is very close to the optimal solution presented in Figncluding the frequency
response forf ~ 0.5 in Fig. 9(c).

In Fig. 10, h(n) is replaced with its continuous counterpdrft) = §(t — to),
and the sample rate is normalized to 1. In the Figure, the minimum mean square
error is shown for O< tg < 60, and the artificial flat delayy = 0. The non-causal
characteristics of subband impulse responses can also be explained as an interpolation
phenomena, and this figure resembles the figures in a study of interpolation of ideal
band-limited signals [14].

Finally, shown in Figl1l, is the size of the delax needed to get a minimum mean
square error less than50 dB, for the impulse responkén) = §(n). In average, this
corresponds to 4.5 non-causal taps in the adaptive filters in the subbands. It should
be noted that this is dependent on the stopband attenuation of the filters used in the
filterbank, and that adaptive filters like the NLMS may converge extremely slowly to
the minimum mean square error solution, as shown in &dcln practical situations,
the impulse response usually include a flat delay,h@) = 0 for 0 < n < ng, and
the size ofA can be reduced correspondingly.
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Figure 8: LMS-estimated subband impulse response for a non-critically down-
sampled system, subband 0. Fullband impulse resgunge= §(n). (a) Mean
square error, averaged over 100 simulations, as a function of the introduced
near-end signal delak. (b) LMS estimated impulse response for= 20. (c)
Corresponding transfer function.

5 Discussion

We have studied the subband impulse responses in subband echo cancelers. The anal-
ysis shows thaton-causasubband impulse responses can model causal fullband im-
pulse responses better theausalsubband impulse responses. This is shown in four
different ways in the paper. First an ideal system is studied, and it is shown that due
to the limited bandwidth, the subband impulse response is not limited in time. Then
the Wiener solution in the frequency domain is derived, and it is shown that the value
of the transfer function estimate at the subband edges can have values that radically
differ from the expected value. If an inverse Fourier transform was to be performed on
this transfer function, it is likely that it would be non-causal. After this, we derive for-
mulas for calculating the optimal subband impulse response in the mean square error
sense, given a fullband impulse response and a filterbank. Using these formulas, the
optimal number of non-causal taps can be calculated if we have knowledge of the full-
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Figure 9: Like Fig. 8 with the exception that an RLS adaptive algorithm is
used instead of an LMS.

band impulse response. Finally it is shown that due to the convergence properties of
the LMS algorithm, the number of non-causal taps may need to be increased slightly,
when the subband impulse responses are to be estimated with an LMS algorithm.

To conclude, when a subband system is designed and the impulse response of the
system to be estimated has a short flat delay, the design needs to compensate for non-
causal subband impulse response taps. This is especially important for systems where
the LMS adaptive algorithm is used.
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Appendix

A Correlation Calculations

The autocorrelation ofm (k) can be calculated as

Yxmxm (1) = E {Xm(k)X;’]}(k - |)}
L-1L-1
=Y ") aman(HE{x(rk —Hx*rk —rl — )}
i=0 j=0
min(L—-1,L—1-rl)
— > am(i)ak (i —rl)o2, (50)
i=max(0,rl)

where in the last step we have used the assumption of white noise s@xabe (n—
D} = 8(I)a§, oy Is the standard deviation of(n), andé is the Kronecker delta.
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Figure 11: Minimum A as a function of number of subband$, for minimum
mean square erret —50 dB. The impulse response is as befofe) = 5(n),
and the downsampling factor%\/l.

Similarly, the cross-correlation betweggR andxy, is

Vymxn (1) = E {ym(xi(k = 1)}
N—1L—1+i L—1

=Y > ) am(j —hh@an(p)

i=0 j=i p=0
CE{lx(rk — A = )+ vk — A = DIX*(rk —rl — p)}

N-1 A
=Y > am(j —DhMan(j + A —rl)oy, (51)
i=0 j=maxi,rl—A)

A=min(L—1+i,L—-1+rl —A),

where in the last step we have used the fact that the input signaland the dis-
turbancev(n) are independent signals. We also need the autocorrelatipp(&j to
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determine the minimum filter error,
Yymym(0) = E {Ym(k)yr?(k)}

N-1L-1+i
:E{[Z > am(j —h()xkr — A — )
i=0 =i

L-1

+ ) am(©u(kr — A — s)]

s=0
N-1L-1+p

[Z Y an@— ph*(px*(kr — A —q)
p=0 J=p

L-1
+ > an®vrkr — A — t)]}
t=0

N-1N-1 B

=32 > am(i —hap — phdh(poy

i=0 p=0 j=max(i,p)

+ Z Z am(S)am () yu (t — 9), (52)

s=0 t=0
B=min(L-1+i,L—1+ p).

The power spectral density function of the far-end subband sign@l) is found by
Fourier transforming the autocorrelatipg, x,,,

Stm(F) = Y > am)ag —rloge 127"
i=—o00 |l=—00
B 00 00 L 1 -1 %ﬂ/
_iZX—:ooI’Zooam(l)am(l — FX:: ;
2[‘ -1 oo

=253 amliyel T i (amtoel =5

d=0i=—00 =—00

_ rX2 <f—d) (53)
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where A () denotes the Fourier transform of the analysis filigr Similarly the
cross power spectral density is derived as,

Sn(F)= > > Y amk—i)h()

i=—00 k=—00 |=—00
at(k+ A —rl)o2e 12!

(0.¢]

Z Z Z am(k —Hh()ay(k+ A —1")

i=—o00 k=—o0 |'=

1 :27l'd 2:rf|
r d=0
r-1 oo
Zh(l e~ =

Oi=—00 k=—00

d—
°© 2 (k- A—1")( —d) 20 A(f—d)
p> (am(k+A )—'7) ol o2

'=—00
r . . 2
d) Am(frd>

2
_ %

e i 2m (k=) (f—d)
> amk—i)e T T

- 2r A(f—d)

e i T (54)
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Paper IV

Influence of Audio Coding on Stereophonic Acoustic
Echo Cancellation

Abstract

Stereophonic acoustic echo cancellation has been found more difficult than
echo cancellation in mono due to a high correlation between the two audio chan-
nels. Different methods to decorrelate the channels have been proposed so that
the stereophonic echo canceller identifies the true echo paths and its convergence
rate increases. In this paper it is shown that the use of a perceptual audio coder
effectively reduces the correlation between the channels and thus convergence to
the true echo paths is insured. Furthermore, in those frequency regions where
the encoder introduced quantization noise is below the global perceptual mask-
ing threshold, an extra amount of inaudible noise can be added to the channels.
Thereby the channel correlation is further decreased and the solution is stabilized.
In subband audio coders with high frequency resolution only minor modifications
are needed in the decoder.

Based on: Tomas &isler and Peter Eneroth “Influence of Audio Coding on Stereophonic
Acoustic Echo Cancellationfhternational Conference on Acoustics, Speech, and Signal Pro-
cessingpp. 3649-3652, May 1998.
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1 Introduction

Two emerging applications for stereophonic acoustic echo cancellation are high qual-

ity videoconferencing and tele-gaming. In the future, desktop based conference sys-
tems will also need stereophonic acoustic echo cancellers (SAEC). These systems
have different quality demands influencing the bandwidth and bitrates etc.

Stereophonic acoustic echo cancellation, however, has been found far more com-
plicated than its monophonic counterpart. This is due to the fact that the two chan-
nels carry linearly related signals, [1], which leads to convergence problems of the
echo canceller. Due to the linear relation between the channels there is, in theory,
no unique solution for the echo canceller to identify. Moreover, the non-unique solu-
tions that exist are all dependent on the echo paths ifathend(remote) room, [1],

[2], [3]. In real situations, however, the solution to the problem is not truly singular
only extremely ill-conditioned due to uncorrelated microphone noise and infinite im-
pulse responses of the remote room’s echo paths, [4], [5]. The convergence rate of the
NLMS algorithm is highly dependent on the condition number of the correlation ma-
trix thus more sophisticated algorithms must be used in stereophonic echo cancelling,
e.g. [2], [6], [7].

Despite using more sophisticated algorithms there are still problems with unstable
estimates of the echo paths, [3]. In order to stabilize the solution the correlation be-
tween the stereo channels has to be reduced without introducing annoying distortion.
A number of solutions to this problem has been suggested, see e.g. [1], but rejected for
different reasons. The most promising solution so far is to distort the stereo channels
non-linearly as proposed in [5] where a half-wave rectified portigrof the signal is
added to the signal itself. This distortion does not destroy the stereophonic perception
but introduces a noise that most often is inaudible but may be perceived depending on
the level of introduced non-linearity, [8].

The objectives for this paper is to study perceptauadio codingas another option
to reduce the correlation between the channels. A perceptual audio coder, depending
on bitrate etc., introduces a quantization noise that most often is below the hearing
threshold. The question is if this distortion is strong enough in order to make the
solution to the stereophonic acoustic echo canceller problem “well-conditioned.”

2 Problem Formulation

The circumstances under which convergence to the true echo paths of an SAEC is
achieved has been thoroughly analyzed in [5]. This section summarize some of their
results that are used in this paper to formulate the problem and analyze the perfor-
mance of the SAEC.
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Figure 1: Audio coder and Stereophonic AEC. Only one return part is shown.

Assume that the far-end microphone signals are given by1Fig.

Xi(n) = gi(n) s, i =12, (1)
wheres(n) is the source signal argi(n), i = 1, 2 are the far-end echo paths of length
M. “x” denotes convolution. The residual eckim) after the EC is

e(n) =y —hi xa0 —hy o0 (2)

y(n) = h{ XN (M) + h] (X2, n (M) 3)

hi,n = [hi,o---hin-1]", (4)

Xi N () =[x () -~ X (n— N+ D", (5)
hi n, 1 = 1,2 are the true responses of len@tiof the near-end room arﬁi._, i =

1, 2 are the estimated responses of lergth
Minimization of the weighted least squares criterion

n

Iy =Y A" e, 0<a <1, (6)
=1

results in solving the system of linear equations

Rxx(Nn) [ E;t ] = ryx(N), (7)
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whereryx(n) is the estimated cross-correlation vector &g (n) is the correlation
matrix,

n T T
Ryx(n) = Y A" [ x1,L(Dxg (D) X2,L(|)X_1IJL(|) ] .

— X1,|_(|)X-2r’|_(|) X2,L(|)X27L(I)

The challenging problem with stereophonic echo cancelling all lies in the condition
number of this matrix. It is also shown in [5] that,

L>M = Rxx(n)issingularvn,

L<M = Rxx(n)isill-conditioned,

L>N = misalignmentg(n) — 0, n — oo,

L <N = misalignmentg(n) # 0, Vn, (9)

where the misalignment is(n) = |lh — h||?/|[h||? andh = [A] AT 1T, h =
[hL_ h;L]T. An ill-conditionedRyx(n) increases the misalignment ®)( Thus there
is a contradiction, iflL. << M the solution of ) is better conditioned, on the other
handL = N reduces misalignment, but practically < M ~ N. The solution to
this misalignment problem is thereforedecrease the correlation between the stereo
channels, thus reducing the condition numbeRg@k(n).

The eigenvalues of the correlation matrix can be lower boundéd byiy (f)|2],
wherey (f) is the coherence between the stereo channels [5]. Ill-conditioning can
therefore be monitored by the coherence function which serves as a measure of the
achieved decorrelation. The next section explains how decorrelation can be achieved
by having a perceptual audio coder in the transmission pathl1Fig.

3 Audio Coding

The Moving Picture Experts Group (MPEG) has developed two of the first interna-
tional high-quality audio-visual coding standards, known as MPEG-1 and MPEG-2.
Both these standards include high-quality stereophonic audio coders and MPEG-2
even includes multi-channel audio coding. These features are needed in todays and
tomorrows interactive multi-media applications.

The MPEG-1 Layer Ill audio coder, the most advanced audio coder in MPEG-
1, typically compresses stereophonic audio up to 12 times with insignificant audio
quality loss. Itis included in communications standards as H.310 Broadband Audio-
visual Communications systems and H.323 Visual Telephone Systems and Equipment
for Local Area Networks. The Layer Il coder is also commonly used as a high-quality
audio coder on the World Wide Web.
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Figure 2: MPEG-1 Layer Il encoder and decoder.

The high compression ratio is possible by removing components of the source
signal that are perceptually irrelevant to the ear.SIimultaneous maskin@ large
frequency component will mask smaller ones in a nearby frequency band, whereas in
temporal maskingcomponents just before or right after (in the time domain) a large
audio component are masked. Using this knowledge, the audio-encoder dynamically
estimates thglobal masking thresholdhat describe the just noticeable distortion as
a function of frequency and time segment [9], R3g.

The actual audio encoder operates in parallel with the global mask estimation al-
gorithm. The audio source signal is decomposed into 32 critically downsampled band-
pass signals by a filter bank. The frequency resolution is increased by processing each
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bandpass signal with a Modified Discrete Cosine Transform (MDCT) in the Layer IlI
coder. Depending on the input signal, each bandpass signal is decomposed in either
6 or 18 MDCT components, where the shorter window (generating 6 MDCT compo-
nents) may be used during transients in the audio source. After this decomposition the
MDCT components are scaled and quantized [10]. The main key in perceptual coders
IS to select enough quantization levels in the every subband, so that the introduced
quantization noise level is below the global masking threshold. Data redundancy is
reduced by Huffman coding the signal before transmitting it over the channeb.Fig.
The decoder operates almost like an encoder in reverse, as illustrated 2n Fig.

When the channels are not identical, the quantization noise introduced to the two
channels are almost independent. As a result, the correlation between the two chan-
nels is decreased.

Correlation between the two channels can be decreased even more if independent
noise is added to the channels. Due to large overhead, every single DCT-band can-
not be optimally quantized. Instead they are divided into five regions, with specific
numbers of quantization levels. Define quantization-noise to mask ratio (QMR) as the
difference between the level of quantization noise and the level where distortion may
become just audible in a given MDCT band. Then itis possible to add non-perceivable
noise in those MDCT bands where QMR is positive. That is, for all MDCT bands in
the frequency region where the channel correlation need to be reduced, perform

QMR(j)) >0 = Xl oor=X o+ fQMR(j)) v
QMR(j) <0 = X{pcr = Xypcr

wherex,{,IDCT is the MDCT component in bandand f (-), given by the global mask-

ing threshold, amplifies the noise componerib be added, Fig3. A block imple-
menting this channel decorrelation is added to the decoder right before the Inverse
MDCT, Fig. 2. The global masking information is not available in the decoder, but
because of the high frequency resolution of the MDCT, a simplified global masking
estimate can be calculated with low complexity.

4 Measurement Studies

The influence audio coding has on the convergence of the SAEC is exemplified by
simulations. The far-end speech is recorded in a room of size5BBR272 cm, having

a reverberation time of 0.3 seconds. The two far-end microphones are positioned 60
cm apart. Recordings were made using 48 kHz sampling rate.
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Figure 3: Masking Threshold: The grey area is masked by the tone.

To be able to access the misalignment of the estimated echo paths we use synthetic
near-end room responses. The lengths of these respond¢s-af®96 samples when
the sample rate is 16 kHz and they have been estimated using data from a room of size
460x 670x 272 cm. Echo cancellation is performed using a sample rate of 16 kHz
where the length of the filters ate= 2048 each. No ambient near-end noise is added
in the simulations.

As adaptive algorithm the two-channel FRLS, [11], is used, which is in principle
the same algorithm as in [2] without numerical stabilization. The algorithm, [11], has
been modified in order to remain stable when speech is used as input. The MPEG-1
Layer Ill coder used can be found in [12].

Results from four far-end cases, original recording, MPEG Layer Ill encoded/de-
coded speech, MPEG Layer Il encoded/decoded with modified decoder, non-linearly
modified far-ende = 0.5, are shown. The last case is shown as a reference since this
technique has been proved effective, [5]. The MPEG coder is set to produce a bitrate
of 192 kbits/s at a compression ratio of 8:1.

Possible ill-conditioning of the correlation matrix is indicated by the coherence
function. Figure4 shows the coherence between the far-end channels of the four
cases. lItis clearly seen that introduction of a non-linearity as well as audio coding
results in smaller coherence, especially at higher frequencies. However, the coherence
is still fairly close to one in lower frequencies. By modifying the decoding procedure
according to Section 3 the coherence can be made smaller also in the lower frequencies
without noticeable distortion, Fidic.

Convergence of the FRLS algorithm is shown in F5g.The convergence is pre-
sented in Fighc as the Echo Return Loss Enhancement (ERLE) and inS€icas
misalignment. In all cases the algorithm achieve the same high ERLE. The misalign-
ment is on the other hand highly dependent on preprocessing of the far-end speech.
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5 Conclusions

A perceptual audio coder indeed improves the ability of an SAEC algorithm to con-
verge to the true solution. Further improvement of the misalignment can be made by
decoding the data utilizing the QMR-margin that often exists after coding. Very good
perceptual quality is achieved while the complexity is maintained low since only a few

simple operations need to be added in the decoder.

The authors thank N. Johansson, B. Rodger and O. Till, Telia Research AB, for sup-
plying measured data and performing listening tests. J. Benesty should also be ac-
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Paper V

Joint Filterbanks for Echo Cancellation and Audio
Coding

Abstract

In this paper, joint structures for audio coding and echo cancellation are in-
vestigated, utilizing standard audio coders. Two types of audio coders are con-
sidered, coders based on cosine modulated filterbanks and coders based on the
modified discrete cosine transform (MDCT). For the first coder type, two methods
for combining such a coder with a subband echo canceler are proposed. The two
methods are: a modified audio coder filterbank that is suitable for echo cancella-
tion but still generates the same final decomposition as the standard audio coder
filterbank, and another that converts subband signals between an audio coder fil-
terbank and a filterbank designed for echo cancellation. For the MDCT based
audio coder, a joint structure with a frequency-domain adaptive filter based echo
canceler is considered. Computational complexity and transmission delay for the
different coder/echo canceler combinations are presented. Convergence proper-
ties of the proposed echo canceler structures are shown using simulations with
real-life recorded speech.

Based on: P. Eneroth, “Joint Filterbanks for Echo Cancellation and Audio CodHE Trans.
on Signal Processingubmitted January 2001.
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1 Introduction

Echoes in telephone systems became severe with the introduction of long distance
telephone services. In the 1960’s, it was found that adaptive filtering was an efficient
method to reduce the echoes caused by the electrical coupling in the 4 wire to 2 wire
hybrids [1]. By means of adaptive filtering, it is possible to estimate the impulse re-
sponse of this hybrid, and subtract an estimate of the echo from the return signal,
thereby reducing the annoying echo. When handsfree communication systems like
speaker phones and video conferencing became popular, a new source of echo was
introduced. In these systems, the echo originates from the acoustic coupling between
the loud-speaker and the microphone in the receiving room. The characteristics of
acoustic echoes differ from echoes due to the electrical coupling in that the impulse
responses are considerably longer. This results in a large increase of calculation com-
plexity, since adaptive filters have a calculation complexity that is proportional to the
adaptive filter length.

The calculation complexity of the long filters used in acoustic echo cancellation
can be reduced by applying the adaptive filter in a subband filterbank structure [2]. In
such a system, the signals are decomposed into several subband signals by an anal-
ysis filterbank. Then one adaptive filter in each subband suppresses the echo in the
subband signal, before the fullband residual echo signal is reconstructed with a syn-
thesis filterbank. If we hav®l subbands, and each subband is downsamptexes,

M adaptive filters are needed. The calculation complexity reduction comes from the
fact that each subband adaptive filter isimes shorter than the fullband filter and

for r new fullband signal samples there will only be one new subband signal sam-
ple. That is, the calculation complexity of the adaptive filters will approximately be
reduced by a factoM /r2. The filterbank will generate some overhead calculations,
but since efficient filterbank implementations exist, the adaptive filters are the major
contributor of calculation complexity. Also, the convergence rate can be improved.
For non-white signals, some frequency regions will have more signal energy than
others, and accordingly, the signal correlation matrix will have large eigenvalues cor-
responding to frequency regions with strong signal energy and smaller eigenvalues
corresponding to other regions. For certain adaptive filters, such as the normalized
least mean square (NLMS) algorithm, the convergence rate is slow in frequency re-
gions with small eigenvalues [3], [4]. In a subband system, the eigenvalue spread
in each subband is reduced compared to the fullband signal and consequently, some
adaptive algorithms, will perform better on non-white signals in a subband structure.
Other advantages with subband structures are increased adaptive filter stability, due
to shorter adaptive filters, and a structure that allows for efficient implementations on
parallel systems, since the adaptive algorithms in each subband operate independently
of one another. The two major disadvantages are the transmission path delay that is
introduced and possible aliasing due to downsampling.
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Another way to reduce the calculation complexity of the adaptive filter is to use
a frequency-domain algorithm. In a frequency-domain algorithm based echo can-
celer, blocks of the signals are transformed into the frequency-domain with a discrete
Fourier transform [5]. The echo transfer function is then estimated in the frequency-
domain. As the case with subband echo cancelers, a frequency-domain adaptive filter
(FDAF) algorithm usually achieves a fast convergence rate also in frequency regions
with small correlation matrix eigenvalues. This is due to the fact that the adaptive filter
in each frequency bin can have a normalization factor that corresponds to the energy
of the signal in that frequency bin [6]. Being a block based adaptive algorithm, the
transmission path delay is the biggest disadvantage of this method.

In a communication system, the audio signals need to be transmitted from one end
to the other. As sampled speech and audio are extremely redundant, coders are com-
monly used to reduce the redundancy. One class of audio coders, denoted perceptual
audio coders, uses a model of the human ear to determine which components of the
sound that are audible to humans [7], [8]. Only audio components that the coder deter-
mines as audible should be coded and transmitted to the other end. The cochlea in the
human ear actually acts as an octave band filterbank, dividing the sound into several
subbands, and what is audible is mostly affected by the audio components within one
frequency region. Subbands in the lower frequency region are narrower than subbands
in the higher frequency regions, since it is an octave filterbank. Because efficient al-
gorithms exist for linear filterbanks [9], some coder designs choose a linear filterbank
when decomposing the signal. Examples of such coders are MPEG 1 and 2 audio
layer 1, 2 and 3 [10], [11], where MPEG is an acronym for the Moving Picture Experts
Group. In a system with both a subband echo canceler and a subband audio coder, it
seems unnecessary to have two independent filterbanks. This paper describes methods
for how to use one filterbank or how to combine the two filterbanks. In more recent
perceptual audio coders, higher compression ratio has been made possible by increas-
ing frequency resolution of the subband signals. In e.g. the Advanced Audio Coding
(AAC) coder [12], an optional audio coder in MPEG 2, the subband filterbanks are
exchanged for high resolution modified discrete cosine transforms (MDCTSs). Since
the MDCT has many similarities with the discrete Fourier transform used in FDAF,
this paper will also investigate the possibility of joint transforms between a MDCT
based audio coder and a FDAF based echo canceler.

The paper is organized as follows. In Sect®rthe traditional filterbank design
for echo cancellation is described. The cosine modulated QMF filterbank is also de-
scribed, as this filterbank is commonly used in audio coders. In Se8tiae will
show possible modifications in order to combine the two types of filterbanks. Then,
in Section4, we will switch our interest to audio coders based on the MDCT trans-
form and FDAF based echo cancelers, and show possible joint designs for this type
of systems. Finally, simulations, calculation complexity and signal transmission delay
examples are given in Sectién
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2 Problem Formulation

In Fig. 1, a typical setup for a communication system including a filterbank based
audio coder and subband echo canceler is shown. In such a system, data from the
transmission side is received in a coded format, and the first step is to decode the
received signal. Of interest here is the final stage in the decoder, namely a synthesis
filterbank, which reconstructs the fullband audio signal from several subband signals.
This is depicted as filterbank number 1 in Fig. The cause of echo is the acoustic
coupling between the received signah), and the signal to be transmittg¢n). This
coupling is denotet(n) in the figure. Any additional speech or noise in the receiving
room is denotea(n). In a system without an echo cancelgim) would be encoded

with the audio coder, and the analysis filterbank of this encoder is denoted filterbank
number 2 in the Figl.

With an echo canceler, an estimated echo signal, is subtracted from the return
signal,y(n). The new return signal, now with less echo, is usually denoted the resid-
ual echo signak(n) in the figure. In a subband echo canceler, all fullband signals are
decomposed into downsampled narrow band signals. Echo cancellation is then per-
formed on these signals, and the fullband residual echo sigiml, is reconstructed
from the subband residual echo signajs(n).

As is shown in Figl, the system uses 5 filterbanks. These filterbanks not only
have a calculation complexity cost, but what is worse, they also introduce transmis-
sion delay to the signals. The fundamental issue is that the aim of the audio coder
and the echo canceler filterbank differ; the echo canceler cannot be applied directly
to the subband signal from the audio coder’s filterbank because it is common to have
critical downsampling (hence alias) in the design. On the other hand, the echo can-
celer’s filterbank is usually not efficient enough for coding purposes. Furthermore,
the system designer usually has little control over the audio coder’s filterbank whereas
the echo canceler filterbank, which is independent of the rest of the system, can be
freely designed. The question is now: can the subband decomposition done by the
audio coder be modified and utilized by the echo canceler in order to reduce overall
complexity, system delay, memory etc? To answer this question, we need to look in
to some details regarding adaptive filter algorithms.

2.1 Normalized Least Mean Square Adaptive Algorithm

The NLMS is the most commonly used adaptive filter. Its strengths are robust behav-
lor, and a structure that allows for simple implementation. The error signal and the



140 PaperV  Joint Filterbanks for Echo Cancellation and Audio Coding

Audio Coder! Echo Canceller I Echo Path

I I
‘_'C' : X(n) X |
5| ! Y Ju.
3
~@ I EC Anal. 1 | h(n)
Xm 8 | x {} |
| m | U(n)
l fir l
N(ﬂ | Lo 9m . < ) |
o I @ s
& 3 [em Al e, ym| Q]! Y
O ' Wiy

Figure 1: Subband echo canceler and model of acoustic echo path. In each
subband, an adaptive algorithm estimates the subband impulse response
and the subband residual echo sigaalk) is generated.

filter updates are calculated as [4],

e(n) = y(n) — x" (mh(n),

y(n) (1)

s x(me(n),

h(n+1) =h
n+D () + xH(mn)x(n) + €reg

wherex(n) is the transmission room signal vector containing the latesamples,
h(n) is the filter estimate vectoy, is the adaptive filter step size parameter, apd

is the regularization parameter. The Hermitian transpose is deflotdthe normal-
ization factorx™ (n)x(n) may be estimated with a low order recursive filter, and total
calculation complexity is then of the order of 2eal-valued multiplications per sam-
ple for real-valued signals and-&or complex valued signals. The complex valued
version is usually needed in subband echo cancelers.

2.2 A Traditional Filterbank Design for Echo Cancelers

The purpose of the echo cancellation filterbank is to reduce the calculation complexity
of the adaptive filters. The complexity reduction is proportional to the downsampling



2 Problem Formulation 141

factor of the subband signals, i.e. we desire as high a downsampling factor as possible.
On the other hand, the convergence and tracking performance of the adaptive filters
will be severely decreased if downsampling aliasing components are folded into the
subband signals [13]. In order to minimize aliasing, the downsampling faci®r
usually less than the number of subbaivfsC.

In an ordinary filterbank structure, all subband bandpass filters are modulated ver-
sions of a low pass prototype filtdr=C(n), [14]

i 2rnm

hEC(n) = hEC(n)e ™! mEC (2)

wherem denotes the subband number, &fds used as an acronym for echo canceler.
Each subband signal can then be expressed as,

Xm(K) = [hg () «x(m] {r,  n=kr, (3)

wherex denotes convolution anddownsampling. Because of symmetry between the
subband filtershEC(n), efficient fast Fourier transform (FFT) based implementations
are possible, [14], [15]. With a synthesis filterbank it is possible to reconstruct the
fullband signal. The subband signals are first upsampled,

K), = rk,
SUEEE ot @

Imaging, due to interpolation, is suppressed with bandpass filters, which are modu-
lated versions of a prototype filter,

i 2mrnm
fECn) = FEC(n)e ! mEC, (5)

In order to guarantee a linear phase response of the analysis/synthesis filterbank struc-
ture, the synthesis prototype filtef=¢(n), is usually chosen as

fEC(n) = hES(KEC —n—1), O0<n<KEC_1, (6)

where KEC is the length of the prototype filters. The fullband signal can then be
reconstructed with

MEC_1

X"y = D" (xm(M) 1 1) x 5, (7)

m=0

and as for the analysis filterbank, efficientimplementations based on the FFT exist. In
contrast to the pseudo quadrature mirror filter (QMF) and the perfect reconstruction
filterbanks discussed in the next section, the echo canceler filterbank usually does not
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Figure 2: Amplitude response of the echo cancellation filterbank, with non-
critical downsampling. The filters suppress aliasing by sufficient stopband at-
tenuation; see filtetH5C(f)| for f > .

cancel aliasing. Instead, aliasing is appropriately suppressed by efficient stopband
attenuation [14], [15]. In Fig2, the frequency responses laf°, m = 0,1, 2, are
shown, and it also illustrates the suppression of aliasing components. It should be
noted that the subband signal3),(@re complex valued, i.e. a complex valued version

of the adaptive filter is needed. Normally the fullband signals are real-valued, and it

is therefore only necessary to cancel echoes in the Iéﬂ;«caw 1 subbands, whereas
the upper subband signals can be reconstructed from the lower subbands, due to the
symmetry in ).

Efficient structures suitable for implementation, both of the analysis and syn-
thesis filterbanks, are presented in [15]. In this structure, the filterbanks are com-
posed of two parts, polyphase filtering and an FFT. For both the analysis and the
synthesis filterbank, the number of real-valued multiplications needed for the fil-
tering is equal to the prototype filter lengtEC. A Radix-2 implementation of
an FFT needs R5Clog,MEC — 7MEC 4+ 12 multiplications [16], whereMIEC is
block size. In [16] it is also shown how one FFT can be used to transform two
real-valued signals, it only increases the complexity b= — 4 real-valued ad-
ditions. The filterbanks need to be updated oncerpaput samples. Therefore the
two analysis filterbanks and the synthesis filterbank in Eigan be realized using
I (2KEC 4 2MEClog, MEC — 7MEC+ 12) and} (KEC+2MEClog,MEC — 7MEC+-12)
real-valued multiplications per fullband sample, respectively.

2.3 A Traditional Filterbank Design for Audio Coders

The purpose of an audio coder filterbank is to decompose the fullband signal into a set
of low rate subband signals, which easily can be manipulated from a psycho-acoustic
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point of view and allow for the coder to efficiently reduce redundancy in each subband
signal. A non-critically downsampled filterbank would actually increase the informa-
tion rate and thus reduce efficiency. Aliasing components exist in the subband signals,
but these can be canceled in the synthesis filterbank. In the pseudo QMF filterbank
used in the MPEG 1 and 2 audio coder [10], only aliasing from adjacent bands is can-
celled, whereas in a perfect reconstruction filterbank [9], all aliasing components are
canceled. The pseudo QMF filterbank can be designed to have a very high stopband
attenuation, making reconstruction artifacts very small. If a lossy coder is used, such
as the MPEG 1 audio coder, some of the properties necessary for perfect reconstruc-
tion is destroyed. That is, the advantage that a perfect reconstruction filterbank has
over a pseudo QMF filterbank in audio coders is limited, the latter may even be better
if it is properly designed [17].

In contrast to the echo canceler filterbank presented in the previous section, the
subband signals are generally real-valued. The cosine function is used as modulator.
For the pseudo QMF filterbank used in the MPEG 1 audio coder, the subband filters
can be expressed as,

T 1
hAR(n) = h(n) cos(m(m + 50— 16)) , O<m<MA—-1  (8)
_ %hA(n) (e—jhj,’—A(er%)(n—lG) N ejJ—A<m+%)(n—16>>’ ©)

whereh” (n) denotes the prototype filter for the audio coder filterbank, kfftin)

the real-valued filter corresponding to subband Note how the filters are shifted

in the frequency one half band with the consténtThe phase shift 16 can differ in
different filterbanks, but only some phase values are valid for aliasing cancellation
[9]. In (9) itis seen how this filterbank can be constructed as a sum of two exponential
function modulated filterbanks. The real-valued sublfft(n) is constructed as the
sum of two frequency shifted prototype filters, one that is shifted to the right and one
to the left ast(m + %), and this is illustrated in FigB. In the figure, the frequency

_T_

response oh” (n)e ! A M+ 010 2ndhA nyel W ™ 219 416 denotedin( )
andUp (), respectivelyVm(f) + Un(f) constitute the real-valued subbamd The
subband signals can be expressed as3jpwith r = MA andhAR(n) instead of
hEC(n). Reconstruction of the fullband signal can be performed ag)iwith fEC(n)
interchanged tof AR (n). The bandpass filtef AR(n) is also created as a modulated
version of a prototype filter,

fARM) = fA(n) cos(%(m + %)(n + 16)) , O<m<MA—-1  (10)

where fA(n) denotes the prototype low pass filter used in the synthesis filterbank.
Again, (10) corresponds to the filters used in the MPEG 1 audio coder.
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Figure 3: Filterbank used in MPEG 1 audio, usually denoted pseudo QMF
filterbank. It has 32 real-valued subbands, and it is critically downsampled.
Each subband consist of a positive and a negative part, dehig{et) and
V() respectively.

The pseudo QMF filterbank is critically downsampled and therefore significant
aliasing exists in the subbands (see Hp. Moreover, the pseudo QMF synthesis
filterbank cancels alias components from adjacent subbands which will be shown in
more detail in a later section (see also [9]). This makes the pseudo QMF filterbank
unsuitable to use in a subband echo canceler. Not only will the aliasing drastically
decrease the performance of the adaptive filter [13], but the adaptive filtering will also
make alias cancellation to be performed by the synthesis filterbank impossible. One
solution presented in [13] is to let the adaptive filter have special cross-band filters, but
it is also concluded in [13] that this solution has a very high calculation complexity,
and that the adaptive filters have a slow convergence rate.

An efficient structure for the pseudo QMF filterbank is given in [9]. As for the EC
filterbank in the previous section, the implementation includes polyphase filtering and
a transform, namely a discrete cosine transform (DCT). The polyphase filtering needs
KA real-valued multiplications, whet€” is the length of the prototype filter, and the

DCT needs'\"TAlogzMA real-valued multiplications [18]. That is, both the analysis

and synthesis filterbank ne%%lg(KA + MTAIogZMA) real-valued multiplications per
fullband sample each.

3 Modified Audio Coder Filterbank Structures for
Echo Cancelers

In this section we will investigate the possibilities of using a modified version of the
pseudo QMF filterbank, described in the previous section, for echo cancellation. We
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consider the coding filterbank to be pre-specified, i.e., we need to be able to recon-
struct a final outputéy, in Fig. 1, which is identical to the output of the audio coder
filterbank. We will also describe how the subband signals can be converted between
the traditional echo canceler filterbank and the pseudo QMF filterbank.

3.1 An Oversampled Real Valued Pseudo QMF Filterbank

One possible modification to the critically downsampled cosine modulated filterbank
is reduction of the downsampling factor. The hypothesis would be to use a downsam-
ple factor ofr = M” /2 before echo cancellation. The output of the echo canceler
should then be decimated by 2. However, this will not work, since we have significant
alias components in some subbands. Actually, significant alias components arise even
when we decimate with the smallest possible decimation facter,2. Let us study
subband numben = M”/2 in aM” band filterbank, where each subband is dec-
imated by a factor 2. Remember that cosine modulated real-valued filterbanks have
one positive and one negative frequency part, as is show®) iand in Fig.3. For

m = M#”/2, the subband filter,8], will have a passband in the frequency regions
—ad < f < —2nl and2nd 23 The frequency-domain formula for
decimating a factor can be expressed as [19],

Y(f) == Zx(f_') (11)

If we decimate the signal in subbama by a factor two, using11), we see that

we will have alias components in the frequency regiens < f < —23-1 and

ZZTA_Al <f<s3 Therefore all oversampled pseudo QMF filterbanks, except for a fil-
terbank operatlng without downsampling, will have significant alias components and

will perform poorly in a echo canceler scheme.

3.2 An Oversampled Complex Valued Pseudo QMF Filterbank

If we once again return tdj, we can find a better modification, resulting in a non-
critically downsampled filterbank without significant aliasing components. Instead of
adding the two complex conjugate terms together ad)nvwe can construct al”
complex valued filterbank with the following modulation scheme,

1 i 1y
hC(n) = EhA(n)e IgrMT2)0=10 5 o m < 2MA — 1, (12)

where”C denotes a complex valued version of the audio coder filterbank, defined in
(8). We will continue to use3) with r = M” andhEC(n) exchanged foh4C (n),
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i.e., we have ®1” subbands with a downsampling factorf*. As can be seen in
Fig. 3, if we apply this modulation scheme to the filterbank used in the MPEG 1 audio
coder, all alias components will be suppressed by almost 100 dB. We would exchange
the filterbanks 3 and 4 in Fid. with this complex valued version of the audio coder
filterbank.

The reconstruction o, from ey, performed by filterbanks 5 and 2 in Fify.can
be replaced by the trivial operation of adding 2 complex conjugate subband signals
together, as

&nK) = emK) + e&ya_m1(K),  O0<m< MA -1, (13)
= em(K) + e k), (14)
= 2Relem(K)}. (15)

That is, we have reduced th&/?* subband complex valued filterbank used for echo
cancellation to &* subband real-valued filterbank which is identical to the filterbank
used in the audio codeB), For both filterbanks we use a downsampling factaviéy.

The total delay of the signal path, froks to &y in Fig. 1, is now reduced to the delay

of filterbank 1 and 4. The next questions are; can we combine filterbank 1 and 3 in
Fig. 1, and if we can, what would we gain?

The gain is actually less obvious. We will of course still need filterbank 1 in order
to reconstruck(n), needed for the receiving room, and we will need filterbank 4. The
signal path delay is now determined by filterbank 1 and 4, plus a small extra delay
needed in order for the adaptive filters to be able to estimate a few non-causal taps,
usually needed in subband echo cancellation [2], [20]. If we, by combining filterbank
1 and 3, could reduce the delay of sigrakk), the only signal delay reduction would
be to compensate for a few non-causal taps in each subband. Another possible gain
would be less calculation complexity.

One of the most important property of filterbank 1 in Figs to cancel aliasing. If
we are to combine filterbank 1 and 4, we need to be able to perform this cancellation.
Therefore, we must study how alias cancellation is performed, i.e., how aliasing terms
in adjacent subband cancel each other in the reconstruction. I4,Rlge frequency
response of subbamd is shown. The gray areas show hbly, andV,, overlap after
downsampling which is the cause of aliasing. If we were to reconstruct subband 1, we
could try to modify ) to only include subband 1,

X1%°(n) = (Xa(n) + MA) « 1R (n), (16)

where1 is defined in 4). The frequency response ¥f*°(n) is shown in Fig5. We
will have significant aliasing components, illustrated by the gray areas irbFithe
two gray areas centered arouﬂ% in Fig. 5 cover a subinterval of the frequency
range of subband @Jo(f) + Vo(T), shown in Fig.3. In the same way the two gray
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[Um(f) 4+ V()]

FNIN
Nl

Figure 4: The frequency response of subbandm odd, after filtering and
downsampling of the pseudo QMF filterbank used in MPEG 1. The gray areas
represent aliasing. For evem Uy, andVyy, will exchange position, sed.{).

areas centered arou ,\iA covers a subinterval of the frequency range of subband

2, Ux(f) + Vo(f). The pseudo QMF filterbank is designed in such way that, that
the gray areas in Fig are cancelled wheg(*“(n) andX;°“(n) are added ta&;*°(n).

That s, in order to reconstruct the complex valued subband 1 we need to perform the
following operation,

2
X1%e(n) = [(Z(im(m T MA) f,ﬁRm)) * h’f%)} LMAS(aT)

m=0

The convolution withf,ﬁR(n) Is a necessary condition for alias cancellation and the
convolution Withhfc(n) is necessary in order to suppress the frequency areas outside
of subband 1. As is shown in Secti8ri, the upsample factor &&,(n) in (4) needs to
beMA in order to guarantee alias free subband signals. This shows that we cannot gain
any reduction in neither signal path delay nor calculation complexity by combining
filterbank 1 and 3 in Figl.

The use of a complex valued version of a QMF filterbank, e.g., a modified MPEG
1, 2 layer 1, 2 and 3 audio coder filterbank, has two major disadvantages compared
with a specially designed echo canceler filterbank. First of all, the passband region in
the QMF filterbank is larger. This will increase the eigenvalue spread, and therefore
decrease the convergence rate of an NLMS adaptive filter. Examples of this are given
in Section5. The second disadvantage concerns calculation complexity. Since we
have M” subbands and the downsampling factor is dvi§, the adaptive filters will
have a higher computational complexity than in a specifically designed echo canceler
filter bank, where the downsampling factor typically could B4E$/4 for a system
with MEC subbands. Nevertheless, it should be remembered that using a complex val-
ued version of a pseudo QMF filterbank in combination with a pseudo QMF filterbank
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Figure 5: Frequency response of subband 1 after upsampling and suppression
of imaging, given byX;°¢(n) in (16).

based audio coder, will only increase the signal transmission delay by a small value
corresponding to a few non-causal taps needed in each subband [2], [20]. In Section
an example shows that this delay is 16 ms.

The filterbank given byX2) can be realized in the same way as the filter bank in
Section2.2 This filterbank will be used to replace filterbanks 3 and 4 in Eige., we
will need two filterbanks. From Sectich2we find that, by replacin/E¢ with 2MA
andr with MA, the two filterbanks will needix (2K A +4MA~log,2MA — 14MA +12)
real-valued multiplications per fullband sample. Filterbanks 2 and 5 intFagil then
be replaced withX5), requiring no multiplications. It should also be remembered that
we only need adaptive filters in thd” lower of the M” subbands.

3.3 A Joint Filterbank Structure for Audio Coding and Echo Can-
cellation

As is discussed above, the use of the complex valued version of a pseudo QMF filter-
bank for echo cancellation has two disadvantages. The calculation complexity could
be reduced in a filterbank with a larger downsampling factor, which also improves
the convergence rate of the adaptive filter. Therefore, in this section we will examine
the possibilities of a joint audio coder and echo canceler structure, where the echo
canceler uses the filterbank described in SecBdhand the audio coder the filter-
bank in Sectior2.3. We will useMEC = 64 subbands with a downsampling factor of
r = 48 for the echo canceler filterbank antdld = 32 subbands critically downsam-
pled audio coder filterbank. The frequency response of the lower subbands of the two
filterbanks are shown in Fig.

First we study possibilities of combining filterbanks 1 and 3 in Hig.In Sec-
tion 3.2, it is shown that the only delay reduction possible is a reduction of the delay
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Figure 6: Frequency response of the lower subbands of the two filterbanks.
The audio coder’'s QMF filterbank is illustrated with a solid line, and the EC
filterbank with a dashed line.

that will compensate for a few non-causal taps needed in each subband [2], [20]. Also,
Section3.2 describes how alias cancellation is performed. Let us examine how to re-
construct echo canceler subband number 2,x2€k), directly from the audio coder
subband signalim(k’), 0 < m < MA. In Fig.6, it is apparent that we need the audio
coder subbands 0 to 3 in order to reconstruct an alias cancelled signal that spans the
same frequency regions &s-C(f), i.e.,

3
x2() = | [ D (Rq(K) + MA) s 18Ry | =5y | L. (18)
g=0

If we neglect the small alias components from audio coder sublagidy andUs3( f)
the sum only needs two terms. We can also move the ﬁE@(n) to be performed
inside the sum,

2
xa(K) = Z(xq(k’mMA)*{f({\R(n)*hEC(n)} ir. (19)

q=1

92,q(n)

If we for each subband create the new filtgpg(n) = R (n) * hEC(n), the total
signal transmission delay is given gy q(n). In order to decrease the delay, we must
redesign this filter. This filter has a stopband attenuation equal to the sum of the
attenuation off/*R(n) and h5€(n) which is more than required. We can therefore
relax the design constraint @ q(n) by altering its passband region and reducing its
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length. Let us form the new shorter filter,

~ ) 929, R<n=<K-R-1
G2q(n) = { 0, otherwise (20)

whereK is the length ofgy ¢(n), and R is the reduction in length we would like to
have. Only the non-zero coefficients@fq(n) are then used in reconstruction of the
echo canceler subbands, and thereby the filterbank delay is reduced. Now we need to
find the filter coefficients ir§iz q(n) such that the frequency response in the passband

is nearly the same as fgp q(n). We can achieve this by minimizing,

cpl:/ IG(f) — G(f)|%df, (21)
f

epassband

whereG(f) andG(f) are the Fourier transform @b, q(n) andgy q(n), respectively.
We also need to make sure the stopband suppression is sufficient by minimizing

o :/ IG(f)|%df. (22)
f estopband
The total minimization problem can now be expressed as
min = a1 P, + ardo, (23)
[Q))

wherew; > 0 are trade-off parameters.
In contrast to the combination of filterbanks 1 and 3 in Rigwhere the signal
x(n) is needed for the receiving room, we do not need to reconstruct the signal
if we are to combine filterbanks 2 and 5. That is, we could possibly decrease the
delay significantly. We will start to study the reconstructionépfn), by studying
the frequency region corresponding to the region of fterf ) andU1(f) in Fig. 3.
From Fig.6, it can be seen how;(f) is covered by the fiIteerC( f)and HZEC(f).

Similarly, V1(f) is covered by the filter$-|,\EAEC_1(f) and Hﬁgc_z(f). But since

en(k) = e:AEC_m_l(k), we can reconstruct the frequency region that cove(s ) by
taking the real value of the signal. We also know from Sec2Zi@that we do not need
to cancel aliasing. The audio coder subba&tfd(k’) can therefore be reconstructed
as,

2
&1(k) = [2. Re{Z(eq(k) A1) % quC(n)} * hf_\R(n):| L MAL (24)

g=1

For subband 1 it is not necessary to increase the sampling rate to the rate of the full-
band signal. Actually, it is enough to increase the sampling rate by a factor 3 because
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a signal with the bandwidth df£C(f) plus FEC(f) can be represented by a signal
with downsampling factor/3 = 16. This can be seen in Fi§, as we can use the

fact thatHE<(f) andFFC(f) have the same amplitude response, §pelii order to

avoid aliasing, the creation of the real-valued signal need to be performed last, and the
complex valued version of tHe'\R (n) has to be used,

2

&(kK)=2- Re{Z(eq(k) 1 3) % frC) = ﬁﬁ\c(n’)} 12, (25)
q=1

where f~qEC(n’) andh{¢ ) denotequC(n) J (r/3)andh{€(n) | (r/3), respectively.

By studying Fig.4 we realize that45) can be generalized for reconstruction of all

subbands. We just need to modulate each input subband signal to the correct frequency

region, according to

2
Bn(k) = 2- Re[Z(eq(k)ej kmak 4 3) % (') ﬁfc(n’)} 12, (26)

q=1

wherekm,q is the modulation factor, individual for each subband. By creating one
filter from of fEC(n") andhy€(n), like in (19), we can reduce the total length the
same way as was done in equatio2$) o (23).

It should be noted that even if it is possible reduce the delay, by using these re-
construction methods, the calculation complexity will increase. This since we will
not be able to use the efficient structures available for the exponential modulated echo
canceler filterbanks or the cosine modulated QMF filterbank.

4 FDAF and MDCT Based Audio Coders

In order to achieve higher compression ratio in audio coders, high frequency resolu-
tion is advantageous. This can be achieved by exchanging the filterbank presented in
Section2.3for a modified discrete cosine transform (MDCT). As this transform has
several similarities with the discrete Fourier transform, which is used in frequency-
domain adaptive filtering, we will in this section investigate the possibilities of re-
ducing signal transmission delay and calculation complexity by combining an audio
coder based on the MDCT transform with an echo canceler using a frequency-domain
adaptive filter.
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4.1 Frequency-Domain Adaptive Filtering

In this section, the frequency-domain adaptive filter (FDAF) [5], [4] is explained. The

basic aim of the FDAF is to reduce the calculation complexity and to increase the

convergence rate (compared to the classical time domain NLMS adaptive filter) for

non-white input signals by performing the adaptive filtering in the frequency-domain.
The input signals are partitioned in blocks, and the transmission room signal

is transformed with a discrete Fourier transform into the frequency-domain,

X (k) :diag{F[x(kN— N)...x(kN+ N —1)]T}, 27)
y(k) = [y(kN—=N)...y(kN+N—-1]", (28)

whereN is the block size of the FDAB{(K) is a (2N x 2N) matrix andy(k) is a
(N x 1) matrix. The Fourier matri¥ can be expressed as,

1 _jm
— e ™

[F](psQ) = m ’

where F]p o) denotes elemeritp, q) in the matrixF. The actual residual error can
be formed in the time domain as,

p.qel0,...,2N —1], (29)

ek) = y(K) — [Onxn  INxN ]FIX(OHK), (30)

gk

wherel nx N denotes the identity matrix of siz¢. In (30), the lastN samples of the
vectorF~1X (k)H (k) are the estimated time domain echo siggah). Only the last

N samples are used since multiplication of two discrete Fourier transformed variables
corresponds to a circular convolution of the time domain variables. Finally, a zero
padded and transformed version of the residual error sigfmal, is used to update the
transfer function estimaté (k), as,

E() =F[Onxn Inxn]' k), (31)
Hk+ 1) = H(k) + uXH KEK), (32)

whereu is the step size parameter. A complete version of the FDAF algorithm is
given in Tablel. In this version the step size parameter is individually normalized in
each frequency bin, and it is possible to have several filter taps in each frequency bin.
An analysis of the FDAF can be found in [5], [6], and a multi-channel FDAF can be
found in [21], [22].

It should be noted that it is always possible to update the transfer function estimate
H(k) more frequently than once per block by letting input data overlap. This will
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improve the convergence rate, and examples are given in Séctibhe number of
updates pelN samples is denoted, e.g., without input data overlap = 1, and
for 25% new data per block = 4. The calculation complexity of the algorithm is
increased by a factar.

The unconstrained version of the FDAF algorithm given in Tdbkeonly usable
for P = 1 filter tap per frequency bin. This version needNZ®+ 8N real-valued
multiplications, 8\ P real-valued divisions, 2 FFTs with real-valued input signals and
1inverse FFT (IFFT) with a real-valued output signal. Like before, we assume that we
use a Radix 2 FFT, and that two real-valued signals can be transformed with one FFT.
We also assume that the cost of one real-valued division equals 4 multiplications. The
number of real-valued multiplications is thgn{60N + 2(2Nlog,N — 7N + 12)} per
fullband input sample. For the constrained version, an additiBnadmplex valued
FFTs andP complex valued IFFTs are needed. The calculation complexity is there-
fore §{52N P + 8N + (2 + 2P)(2Nlog,N — 7N + 12)} real-valued multiplications
per fullband input sample.

4.2 MDCT

The MDCT is an overlapped transform. In a transform vitloutput components we
need M input samples, out of whicM samples overlap with the previous frame. In
contrast to the discrete Fourier transform, the MDCT is a real-valued transform based
on the cosine function. The MDCT is defined as [23], [24], [12],

2M -1
Xm®) = 3 w(mx(kM +n) Cos[ﬁ(Zn 14 M)y2m+ 1)] ,
n=0
m=0..M—1  (33)

wherem denotes the frequency component &iide time frame. The window function
w(n) can be used to improve frequency selectivity. EquatB88) ¢an also be written
as the sum of two components of discrete Fourier transforms of dize 2

2M -1
)~(m(k) — %‘e—Jﬁ(l+M)(2m+l) Z U)(n)X(kM 4 n)e—j%e—jzg%],
n=0

Xm(K) = Xm(k) + X:(k), m=0...M—1,

(34)

wherew(n)x(kM + n)e~! M is the windowed and modulated input signal to the dis-
crete Fourier transforms. With an inverse MDCT (IMDCT) it possible to perfectly
reconstruct the original signal. Each IMDCT results i 2utput samples, and an
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Table 1. Frequency-domain adaptive filter. The block size is dendednd the
number of adaptive coefficients per frequency Binresulting in a total filter length
of PN. The power spectrum estimation forgetting factor is dengtadd the adaptive
step sizeu. In the unconstrained versioRW2F 1 is replaced by the identity matrix
|. The Fourier matride is defined in 29).

Input signals Matrix sizes
X (k) :diag{F[x(kN—N) x(kN+N—1)]T] (2N x 2N)
y(k) = [y(kN) --- y(kN+N-1]" (N x1)

Power spectrum estimation with regularization
S(k) = BS(k — 1) + (1 — X" (k)X (k) (2N x 2N)
S(k) = S(k) + diag{€reg) (2N x 2N)

Filtering

P—1 A
e(k) = y(k) = W1F~ Y "Xk — p)Hp(k) (Nx1)
p=0
E(k) = FW] e(k), (2N x 1)
Hpk + 1) = Hp(k) + uFWoF 1S HoxXH (k — p)E(k) (2N x 1)

Definitions
ek) =[ekN) --- ekN+N—1)]" (N x1)
~ ~ T

Hp(k) =F [hE(k) leN] (2N x 1)
Apk) = [ApnK) - Apnan-1(0)]" (Nx1)

W1 =[Onan Inn ], W2 = diag{[1nn O]}

overlap add method is used to reconstruct the fullband signal,

w(p)

M-1
T
Y Xk cos[m(2p+ 1+ M)@2m+ 1)],

m=0 (35)
p=0...2M -1,

X"C(n) = X"¥°(N%M + M, [n/M|) + X"¢¢(n%M, [n/M] + 1),

XI’EC( p’ k) —
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where|- | denotes the nearest smaller integer and % the modulus operator. Usually the
2M long window is a symmetric function and in order to achieve perfect reconstruc-
tion, the window function needs to satisfy the prope8y)(

wn) =w2M —n-1), n=0...2M — 1, (36)
w?(N) + w?(n+ M) = 2, n=0...2M — 1. (37)
Two simple windows that satisfy86) and @37) are
wi(n) = 1, n=0...2M — 1, (38)
: b4 1
wz(n):\stm(m (n+§)), n=0...2M — 1. (39)

It is possible to construct windows with better frequency selectivity by using numeri-
cal design methods. This is done in, e.g., the MPEG 2 AAC coder [12].

In [25], it is shown how the MDCT can be repartitioned, making it possible calcu-
late it with an FFT of sizeM. Using this method, and a Radix 2 FFT, the MDCT can
be calculated with only Bllog,M + 3M + 12 real-valued multiplications, including
the multiplications needed to repartition the data before and after the FFT.

4.3 A Joint Transform Structure for Audio Coding and Echo Can-
cellation

In a stand alone FDAF echo canceler, the output signal is the time domaineaigpal

If we were to combine the FDAF based echo canceler with an audio coder that is based
on the MDCT transform, it would be attractive to transform the error sig88), (o

the frequency-domain. Thus, we need to exchaB@ 4nd @1) for the frequency-
domain counterpart,

E(k) = F[Onxn INxN]Ty(k)—F[gziE ?S:S]F—lmk)ﬂ(k). (40)

Y (k) N
Y (K

The constraint used in the calculation¥fk) is needed, sinck (k)A (k) corresponds
to circular convolution in the time domain. By usir@dj, we can construct the output
of the MDCT directly from the frequency-domain output of the echo cancElgu),

in (40). This requires the FDAF block sizH to be equal to the number of input
samples in each MDCT, i.elN = 2M. It also requires that the MDCT windows,(n),

is incorporated irE(k). This can be done by exchangihgxn in (30) for diag{w},
wherew = [w(0) ... w(N—1)]. Also in (30), we need to pre-multiply with diag{w}.
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Equivalently, the twd y . n In (40) can be exchanged for dipm}. Like for the MDCT,
see B83), the input data will need to overlap by 50%. Simulations show a somewhat
slower convergence rate for the windowed FDAF, but a proper convergence analysis
is not available.

By exchanging 30) and @1) for (40) the calculation complexity for the FDAF
will actually increase by one discrete Fourier transform of sike 2However, one
transform of size ®1 in the audio coder can be saved, since output of the MDCT in
the coder can be constructed directly fr&tk) in (40) by using the MDCT transform
in (34). As mentioned above, the FDAF must have a block siz&lot: 2M. The
frequency-domainresidual echo vectek), will be of size(2N x 1), due to the zero
padding in 81) or equivalently in 40). Therefore, only half the componentskiik)
are needed in the reconstruction of the output of the MDCT.

We have now shown that it is possible to combine the transforms in an MDCT
based audio coder and an FDAF based echo canceler. However, there are a couple of
things that limit the usefulness of combining the two transforms.

FDAF Calculation complexity: As we have seen above, due to the constraint needed
in (40), the number of discrete Fourier transforms cannot be reduced by com-
bining the transforms of the echo canceler and the audio coder, when standard
FDAF based echo cancelers are used. This is a fundamental problem caused by
the fact that the time domain filtering(n) = x(n) % h(n), cannot be written as
a simple matrix product in the discrete Fourier domain,Y.&) = X (K)H (k).

Adaptive MDCT size: The use of large MDCT transforms improve frequency res-
olution, whereas time resolution is decreased. Therefore, large transforms can
create problems for transient signals. Encoder quantization errors, extending
more than a few millisecond=eforea transient event are not effectively masked
by the transient itself. This leads to a phenomenon called preecho, in which
guantization error from one transform block is spread in time and becomes au-
dible. It is common that advanced audio coders use shorter MDCT transforms
during transient signals and longer MDCT transforms otherwise [12]. Such a
switch would of course affect the construction of joint transforms for echo can-
cellation and audio coding. One solution is to re-map the estimated transfer
function, Flp(k), from, e.g., an estimate with = 1024 frequency bins and
P = 1 taps per frequency bin tola = 256 andP = 4 transfer function esti-
mate. This can be done by using the definitiorh:lq,f(k) in Tablel. In order to

reduce calculation complexity, we could also decide to upﬁlq{ek) only for
blocks wherd. = 1024.

Coder pre-processing: Some audio encoders process the signals before the MDCT
transform is performed. For example, the MPEG-2 AAC coder offers three
profiles, each one tuned for different needs. In one of these profiles, the scalable
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sampling-rate profile, the input signal is divided into four frequency bands with

a critically downsampled filterbank. Then, in each frequency band, the gain is
adjusted before the bands are processed by four independent MDCT transforms.
In this situation, it is impossible to combine the transforms of the coder and the
echo canceler due to the downsampling alias caused by the 4 band filterbank.

Combining the discrete Fourier transform used in the FDAF based echo canceler
with the MDCT transform used in the audio coder may not always be advantageous,
as has been shown above. In those situations, we should at least use the same sig-
nal sample buffers for the audio coder and a frequency-domain based echo canceler.
This way, the signal delay imposed by the echo canceler could be zero in theory. In a
practical situation, the delay caused by the echo canceler would be limited to the time
needed to process equatio23)and @0). This solution would also be very flexible,
in that the suitable values of the FDAF block sixecould be such thatl = kN, k
positive integer. FON > M we have two options. One is to wait for &l samples,
and thereby introduce a delay to the transmission signal path. The second way would
be to let the data in the buffers represented2¥) &nd @8) overlap. If we use only
new samples for each FDAF cycle, no delay needs to be introduced to the transmission
signal path. Using overlapped buffers will increase the calculation complexity, but the
convergence rate of the adaptive filter will also increase. This should be compared to
the valueN = 2M necessary for joint echo canceler and coder transforms. In this
situation, the input data need to overlap by 50%.

5 Simulations

This section exemplifies the performance of the echo canceler in a couple of different
situations. In all simulations, the same source signal is used. The transmission room
signal,x(n) (Fig. 1), is recorded at 16 kHz sampling rate in a quiet office-like room.
The receiving room impulse respon$gn), is measured in a quiet office-like room.
The response is 2048 taps long, corresponding to 128 ms. Then the receiving room
signal,y(n), is given by filteringx(n) with h(n), and adding a recorded background
noise signal. The average SNR, measured at the microphone, is 38 dB. The echo
signal,y(n), is shown in Fig7(a).

The normalized mean square eA@KSE) energy of the residual is used as per-
formance index. The MSE is given by,

£ _ LPFlem) — w(n)]?

= 41
LPF[y(n) — w(n)]?’ ()

2Since we normalize with the power of the echo. We can regard this as the inverse of the echo return
loss enhancement (ERLE).
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Figure 7: (a) The echo signaly(n), used in all simulations. (b) The MSE
performance for three different systems: System 1la, fullband NLMS (solid
line). System 2, subband system with non-critical EC filterbank (dashed line).
System 3, subband system with modified filterbank from the MPEG 1 and 2
audio coder (dashed-dotted line).

wherew denotes the receiving room background noise signal and LPF denotes a low-
pass filter; in this case it has a single real pole at 0.999.

In Table 2, the number of real-valued multiplications per fullband input sample
and the signal transmission delay are summarized for all systems considered in this
section. The numbers include all components shown inFige., also the filterbank
or the MDCT transform used in the audio coder. It should be noted that the delay
figures are valid for 16 kHz sampling rate, i.e., the delay would be reduced by 50%
for 32 kHz sampling rate.
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Table 2: Calculation complexity as the number of real-valued multiplication per sam-
ple and the signal transmission delay in ms, for the algorithms used in the Sgction
The contributions from all components in Filgare included.

Filterbank based audio coder and echo canceler
System la System?2 System 3

nbr. of subbands, M — 64 64

downsamp. factor, r - 48 32
complex. (mult.) 2085 327 406

delay (ms) 32 104 48

MDCT based audio coder and FDAF based echo canceler
System 1b  System 4

MDCT size, M 1024 1024
FDAF size, N - 1024
FDAF overlap,« — 4
complex. (mult.) 2094 390
delay (ms) 128 128

MDCT based audio coder and FDAF based echo canceler
System 1c System5 System6

MDCT size, M 256 256 256
FDAF size, N - 256 256
FDAF overlap,« — 1 4
complex. (mult.) 2086 345 1264
delay (ms) 32 3 32"

TThe delay for the systems using a FDAF based echo canceler, does not include the delay needed
for equations 27) and 30), explained in Sectiod.3.

Filterbank Based Echo Canceler/Audio coding Systems

In this section we consider systems where the audio coder is based on a real-valued
QMF filterbank with 32 subbands. The filterbank used in the MPEG 1 coder is used
for complexity and delay calculations. We will consider three different systems con-
siderations, listed below, and the MSE of these systems are shown if(IB)g.

System 1aA real-valued fullband NLMS EC which is considered as the reference
system with 1024 adaptive filter taps and a step size paramete0.5.

System 2 A subband EC based on the filterbank design in Se@i@ns the second
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system under consideration. This system has 64 subbands and a downsampling
factor of 48. The length of the filterbank prototype filter is 895 and it introduces

a delay of 56 ms. Each subband adaptive filter has 27 coefficients which cor-
responds to 1046 fullband taps. To these we have added 250 non-causal taps,
which increase the delay by 16 ms. The step size parameter of NLMS adaptive
filters is also 0.5.

System 3 The third system uses the complex version of the MPEG 1 audio coder
filterbank described in Sectio®2 This filterbank, like the previous, has 64
subbands but the downsampling factor is only 32. Each adaptive filter has 40
adaptive filter taps, corresponding to 1030 fullband taps plus 250 non-causal
taps. Since the filterbank can be combined between the audio coder and the
echo canceler the transmission delay caused by the echo canceler is reduced.
There is still a small delay caused by the need of the non-causal filter taps, and
this delay is as before 16 ms.

The three systems appear to have similar MSE performance. As was predicted in
Section3.2, the system based on the MPEG 1 audio coder filterbank has a somewhat
slower convergence rate than the system based on the filterbank design in 3gttion
see Fig.7(b) at approximately the time instance 3 s.

In Sectionl it was claimed that a subband NLMS based echo canceler has a faster
convergence rate than a fullband NLMS based echo cancelers in frequency regions
with small eigenvalues. In order to show this, the power spectrum of the residual
echo signals of the three systems have been computed. The power spectra was av-
eraged over the time interval 1.8 to 3.1 s of the residual echo signals used to derive
the MSE plots in Fig.7. These spectra are presented in Egvith the same line
types as in Fig7. Additionally, the spectra of the transmission room sigrat,, and
the receiving room signal(n), are shown with a thick solid line and a dashed line,
respectively. The subband systems have good suppression of the echo signal in all
frequency regions, whereas the fullband NLMS systems only perform well in regions
with large signal energy. In Tabl® the calculation complexity and the transmission
delay for the considered systems are summarized.

Transform Based Echo Canceler/Audio coding Systems

In the following, the same set of simulations as above are performed with the frequency-
domain algorithm presented in Table.In the first scenario we apply an MDCT that
isused in, e.g., the MPEG 2 AAC coder. For this MD®T,= 1024 for non-transient
signals. That is, 1024 new samples are needed for each block.

System 1b Like system 1a, however, instead of a filterbank based audio coder, an
MDCT based audio coder, with block sik = 1024, is now used. The delay
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Figure 8: The power spectra of the residual echo signals used to derive the
MSE plots in Fig.7, averaged over the time interval 1.8 to 3.1 s. The thick
solid lines depict the power spectrum of the transmission sigia), and the
thick dashed line of the receiving room signain). Other conditions same as

in Fig. 7(b).

and calculation complexity caused by the coder will make this system differ
from System la.

System 4 An MDCT with block size ofM = 1024 could efficiently be combined
with a frequency-domain EC with the same block siXe= 1024. We will use
one filter tap per frequency bifP(= 1), the step size parameter= 0.08 and
the power spectrum estimation forgetting fagéoe= 0.96. In the algorithm in
Table.1, the input data blocks have no overlap= 1. By overlapping the input
data, it is possible to increase the convergence rate, and in this simulation, we
update 4 times per block (= 4), i.e., only 25% new input-data is used for each
iteration. The unconstrained version in Taldlés used.

In Fig. 9, the MSEs for System 1b and 4 are depicted. The power spectra estimates
are presented in Fid.0.

Finally we have an audio coder with an MDCT sizeMf= 256 for non-transient
signals, and we will combine this with an FDAF based echo canceler also with the
same block sizeN = 256. This block size is used in, e.g., an AC-3 coder from Dolby
Laboratories [26]. The shorter block size is compensated in the FDAF based echo
canceler by havindg® = 4 filter taps per frequency bin. Fé& > 1, the constrained
version of Tablel is needed. The filter parametersand 8 have the same values as
in the previous simulations.

System 1cLike system 1b, however, the bock size of the audio coder is Mowt
256.
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Figure 9: The MSE performance: Fullband NLMS (System 1b, solid line),
and System 4, an unconstrained FDAF (dashed line). The FDAF block size
N = 1024 was used.
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Figure 10: Power spectra of the residual echo signals used to derive the MSE
in Fig. 9, other conditions same as in FB§).

System 5 A FDAF based echo canceler with block sike= 256 andP = 4 filter
taps per frequency bin. No input signal overlap, ice= 1.

System 6 Like System 5, however we now have only 25% new data per block, i.e.,
a = 4, in order to increase the convergence rate.

The results of the simulations with System 1c, 5 and 6 are shown it Fand Fig.12.

6 Conclusions

In this paper, joint structures for audio coding and echo cancellation are considered.
The paper focuses on two types of audio coders; coders based on cosine modulated
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Figure 11: The MSE performance: Fullband NLMS (System 1c, solid line),
constrained FDAF with block overlap parameter= 1 (System 5, dashed
line) and constrained FDAF with block overlap parameter 4 (System 6,
dashed-dotted line). The FDAF block sike= 256 andP = 4 adaptive taps
per frequency bin were used.

filterbanks and audio coders based on the modified discrete cosine transform (MDCT).

For audio coders based on filterbanks, the preferred configuration is highly depen-
dent on the desired performance of the system. If we are to construct a system aimed
for a platform where low calculation complexity is of importance, we would proba-
bly select the modified audio coder filterbank presented in Se@tidand denoted
System 3 in the Simulation section. This choice is a good compromise between low
calculation complexity and low signal transmission delay. In situations where long
signal transmission delay is acceptable, we can gain even lower calculation complex-
ity by using separate filterbanks for the coder and the echo canceler, as depicted in
Fig. 1. This system will also have a better convergence rate for the echo canceler,
as illustrated with System 2 in the Simulation section. For systems with two audio
channels, we need a stereophonic echo canceler. In these systems, the demands on the
adaptive filter in the echo canceler is higher, and usually more complex adaptive filters
are needed [27]. If the two-channel fast recursive least squares (FRLS) algorithm [28],
[15], [27] is chosen, the convergence performance should not be significantly affected
by the filterbank choice. However, the calculation complexity for the two-channel
FRLS algorithm is significantly higher than for the NLMS algorithm. Therefore the
calculation complexity difference between systems using the two types of filterbanks
will increase, to the advantage of the specially designed echo canceler filterbank. In
this situation, the joint structures presented in Sec3i@tould be the best solution.

Audio coders based on the MDCT process blocks of data, and therefore a block
based echo canceler, e.g. a frequency domain based echo canceler, is preferable. In
Section4.3it is shown how an MDCT based audio coder can share transforms with a
frequency-domain based echo canceler. However, it is also shown that the advantages
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Figure 12: Power spectra of the residual echo signals used to derive the MSE
in Fig. 11, other conditions same as in FH).

of joint transforms are limited. In most situations it may be preferable to let the audio
coder and the echo canceler share the signal sample buffers. The advantages over a
design where the audio coder and the echo canceler are two completely separated units
include negligible signal transmission delay caused be the echo canceler. Compared
to the situation with joint transforms, the shared buffers system has smaller restric-
tions on the design of the frequency-domain based echo canceler. The only restriction
Is that the maximum block size of the echo canceler is the block size of the audio
coder. Larger blocks will increase the signal transmission delay. Frequency-domain
adaptive algorithms usually have good convergence and properties, as is exemplified
in Section5. Another advantage of a frequency-domain based echo canceler is the ex-
istence of efficient two-channel algorithms, suitable for communication systems with
stereophonic sound [21], [22], [27].
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