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Abstract

In the adaptive acoustic echo cancellation, double talk can make the adaptive filter
diverge from the optimum. In this thesis, the cross-correlation between the microphone
signal and estimate echo is used to judge whether double-talk arises. We also derive the
theoretical miss probability as a function of false alarm probability. To distinguish the
echo path change from double talk and we also propose a modified cross-correlation
double talk detector by microphone energy. We not only develop a way to evaluate DTD
algorithm whether double-talk or echo path change arises, but also calculate the miss

probability. Computer simulations will validate our derivations and proposed methods.
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Chapter 1

Introduction

For hands-free communication systems, it is important to provide users a better
quality and comfortable conversation. In these hands-free systems, acoustical echo is a
major issue that leads to bad speech quality. An echo canceller removes echo due to echo
path coupling between a loudspeaker and microphone. Double talk (DT) is a serious
problem in the adaptive acoustic echo cancellation which can fail to trace the room impulse
response especially for some error.feedback adaptive filters like LMS and RLS [1].

A teleconference system with acoustics echo canceller (AEC) is shown in Fig 1.1

where a linear filter / is used to fhodel-the-echo path s between the speaker and the

microphone. Thus the replica of*far.end speaker’s echo y(k) is generated, which is
subtracted from the echo received by the microphone signal d(k). The AEC filter is
typically updated using an adaptive algorithm to account for any changes in the room
impulse response.

The implementation of such a system is not as easy as it seems. Because the
performance of an algorithm will be affected by long impulse response length for the linear
filter, fast convergence characteristic for signal inputs such as speech and fast adaptability
to variations in echo path. Among all the adaptive algorithms for AEC, the LMS algorithm
and normalized LMS (NLMS) algorithm [1] are popular ones for their simplicity and

predictable behavior.
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Fig 1.1 The structure of acoustics echo canceller

An adaptive echo canceller updates the tap coefficients of an adaptive filter to model
echo path using an error signal e(k) as shown in Fig 1.1. If the tap coefficients are
updated during the double-talk situation, which means that microphone input signal
includes both near-end talker signal v(k)and echo signal y(k), they can fluctuate greatly
or diverge to misestimate the impulse response of echo path. Hence, AEC should stop the
filter adaptation during the double talk period.

Several double talk detectors (DTDs) has been proposed. The conventional double
talk detection algorithms are classified into several categories.

(I) Level comparison type is used to detect double talk by comparing the microphone

signal level [2] or the error signal level [3] with the primary input signal level.



(IT) CLMS algorithm [11] is used to distinguish DT from varying echo path and
ECLMS has better performance than CLMS but they have the drawback of higher
computational complexity.

(IIT) Cross-correlation type [7] [12] [13] [14] can detect double talk by different
correlations. In this thesis, we adopt the cross correlation DTD method which is a better
DTD than the other two methods because it is affected very slightly by the volume of the
microphone or loudspeaker change.

(IV) Recently also some DTD algorithms have also been developed that are
specifically suited for subband [15].

(V) One way to guarantee that the adaptive filter is not unnecessarily halted is to

use a secondary FIR filter as in the two-path algorithm [6] [9] [16].

Several doubletalk detectors. (DTDs)/step-gain-controllers, which halt the adaptation
during doubletalk, have been proposed.-However, @ badly tuned DTD induces the risk of
halting the adaptive filter when it should not be halted, e.g., in an echo path change
situation. A critical question is that merely measuring these signals cannot discriminate
between double-talk and echo-path-change. If echo path change is mislabeled as

double-talk, AEC performance degrades.

In Chapter 2, we compare several DTD’s using the technique from [8]. The
comparison in [8] considered only Geigel and normalized cross correlation DTD. We add
different DTDs to compare. We also derive the theoretical cross correlation in double talk
or echo path change. The miss probability from [8] is simulated value rather than
theoretical value. We derive the theoretical miss probability in double talk period from [8].

The nonlinear loudspeaker effect is also discussed in cross correlation DTD.



In Chapter 3, we modify the cross correlation DTD. The modified cross correlation
DTD by microphone energy can decide correct in any double talk or echo path change case.
We also propose that the evaluating DTD technique can calculate miss probability when
echo path change is present. We also use the variant threshold to improve the performance.

In chapter 4, the simulations follow to verify the results of our analysis and we
will compare the simulated and analytical cross correlation. The modified cross correlation
DTD will verify in different cases. We will also compare the simulated and analytical miss

probability in double talk period. Finally, in chapter 5, the conclusions are given there.



Chapter 2
Double Talk Detector For Acoustic
Echo Canceller

In this chapter, the serious problem, double talk, in AEC will be discussed. An
adaptive echo canceller [1] updates the tap coefficient of an adaptive filter to model echo
path using the error signal e(k) as shown in Fig 2.1. If the tap coefficients are updated
during the double talk situation, which means that microphone input signal includes both
near-end talker signal v(k) and echo signal ¥(k), they can fluctuate greatly or diverge to
misestimate the impulse respohse of echo ‘path.. Hence, AEC should freeze the filter

adaptation during the double talk period.

In Section 2.1, we introduce several double talk detector algorithms. In section 2.2,
we compare the Section 2.1 DTD and calculate the miss probability in DT period. In
Section 2.3, we modify the DTD to more robust. In Section 2.4, we will derive the
theoretical cross-correlation in double talk and echo path change. The theoretical miss
probability is derived in Section 2.5. The nonlinear loudspeaker effect on the cross

correlation double talk detector is discussed in Section 2.6.
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Fig 2.1  Structure of double talk detector

2.1 Double talk detectors algorithms

We have introduced several double talk detectors in introduction. Now, we discuss

explicitly the Geigel, gradient vector, two echo path model, and cross correlation DTD.

2.1.1 Geigel DTD

One simple DTD algorithm due to Geigel [2]. The algorithm is given as follows.

jd (k)
max {|x(k —1)

gGeigel -

(2.1.1)

gecceee P

x(k—N)|}

where N is also equal the filter length.



This detection scheme is based on a waveform level comparison between the
microphone signal d(k) and the far-end speech x(k) assuming the near-end speech

v(k) in the microphone signal will be typically stronger than the echo signal.

When &, is larger than the threshold T the DTD is decided that

Geigel ?

double-talk is present. Then the adaptation is halted. T

Geiger  COmMpensate for the energy
level of the echo path response /. However, when the magnitude of d(k) is -6 dB, the
Geigel DTD fails to detect the double talk. For an AEC, however, it is not easy to set a

universal threshold to work reliably in all the various situations because the loss through

the acoustic echo path can vary greatly depending on many factors.

2.1.2 Gradient vector correlation DTD

Rohrs and Younce [4] specifically targeted the DT problem. Their algorithm
considered the correlation between the instantaneous gradient estimation and the average of
previous estimation. The gradient vector is defined as follows:

V(k) = x(k)-e(k)
V(k)=V(k-1)+V(k)-V(k - B)
S(k)=V(k)V(k-1)
where B >0 will depend on the filter length.
V (k) means that the instantaneous far end signal x(k) multiplied by the momentary
error e(k). V(k) isthe average of previous estimation.

If the correlation S(k) measured is larger than the threshold T the

Gradient ?



detector adjusts the weights using a fixed step size LMS update; otherwise, the coefficients
are frozen. But, the algorithm is effective for a small adaptive filter length. However, their
performance degraded considerably with long adaptive filter length.

Creasy and Aboulnasr [5] improved the above problem. The algorithm used a
variable step size NLMS-based approach by the gradient correlation. The algorithm was
given as follows:

V(k) = x(k)-e(k)
V(k)=V(k-1)+V(k)-V(k-B)
V(k)=V(k)-V(k-1)

p(k)= Bpk=1)+(1- B)sign[V (k)]

p(k)y=a - u(k =D+ -a)signl p(k)]p* (k) (2.1.2)

u(k) is step size. When the step size » i(k) -becomes very small, the DTD decides

that double-talk is present. Even theé adaptation keeps updating coefficients; the adaptive

filter will not diverge. This algorithm is:more robust.

2.1.3 Two Echo Path Model

Another structure of DTD, in Fig 2.2, is two echo path model [6]. This structure is a
good choice to implement in real environment for its excellent stability. It is based on a

structure of two path model, a background filter /,, and a foreground filter /,,; .
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Fig. 2.2 Structure of the two echo path model

If the background filter £, is estimated to have better performance than the

foreground filter 1., its filter coefficients are copied to the foreground filter. The double

FG >

talk detector is controlled by comparisons between the short-term powers of the
signals, d (k) , x(k), e,(k)and e, (k).

The update conditions for the foreground filter are basically as given by

a:M and b:Pe"—(k) and ¢ = Fz”(k) (2.1.3)
Py (k) P, (k) P, (k)

1 M-1 ) )
where Py (k) ZMZXz(k—i) , M is update interval.
i=0
When a,band c is larger than the threshold 7, ,7, and T at the same time,

the DTD decides that double-talk is present . The background filter will not be copied to

foreground filter. The foreground filter retains its convergent coefficients.



2.1.4 Cross Correlation DTD

Ye and Wu [7] proposed a double-talk algorithm based on the cross-correlation
between x(k) and e(k). However, the cross correlation DTD has a numerous correlation.
We can use the different correlation based on d(k), y(k), x(k), and e(k). Therefore,

we choose one of the cross-correlations. We use the cross-correlation between d(k) and

y(k) .The cross-correlation p, ; is defined as:

F 5 (k)

(k) = ——
Pas ) JP,GOP, (k)

(2.1.4)
where

P, 5() = (1- 2) Py sl - Ad (k) $(k)

P, (k) = (1=4) Ptk =) .2d * (k)

P, (k) = (1-4) Pk =DpA 7 (k)

A is the forgetting factor, 0 <A <1

When p 0 is below threshold T 45 the DTD is decided that double-talk is present. Then

the adaptation is halted.

10



2.2 Comparisons of Double talk detectors

There have been several algorithms to detect double talk in an acoustics echo
canceller. Jun H. Cho and R. Morgan [8] proposed an objective technique to evaluate
double talk detectors. The technique could calculate the double talk detector miss
probability. In [8], they compare the Geigel DTD with the normalized cross correlation
DTD. In this section, we extend the technique to evaluate the Gegel, gradient vector, Two
echo path model, and cross correlation DTD. We compare the four kinds of the DTD in this
section.

In Section 2.1.3, we introduced the two echo path model. Two echo path model can

detect double talk by Eq (2.1.3). We modify the condition to decide double talk.

P, (k) b_Peb(k)
P(k) "~ Pk

We only use a= to detect double talk. In order to simplify, we use the

forgetting factor to smooth a and b-.

The objective technique first stepis to calculate threshold under fixed false alarm
probability. The false alarm probability is measured as the proportion of the far-end speech
in which doubletalk remains declared when there is no near-end speech.

The probability of false alarm at each threshold point is calculated as
>4y
p - 2.2.1
== 22.1)

where ¢ is the DTD output, x is the activity detector output from Fig2.3. N is the
length of the entire far-end speech signal x.

From Fig 2.4, the output of the far end signal speech activity detector is either one
or zero, and also the near end speech. We can find that the output is zero when the far end
signal is silent. From Fig 2.5, the logical AND with the activity of is necessary to disregard
false alarms during innocuous periods of inactivity. Then, the threshold is determined to

achieve the given false alarm probability.

11



Second step is to calculate miss probability. The miss probability is measured as the

2
(o}
)

proportion of near-end speech duration that remains undetected at different levels of

near-end to far-end speech energy ratio (NFR=
Once the threshold 7 is determined, the near-end speech is applied at different

attenuation levels, and the detection procedure runs again. The miss probability is
(2.2.2)

calculated as follows.
R Y pxv

In Chap 4, we will use the technique to compare the four kind of DTD.

The complete DTD evaluation technique is summarized as follows.

1) Set near-end signal v = 0.
(a) Select threshold T.
(b) Compute false alarm probability P using (2.2.1).

(c) Repeat steps a,’b over a range of'threshold values.

(d) Select threshold value that corresponds to Pf =0.1

2) Select NFR value.
(a) Add near-end signal

(b) Compute P, using (2.2.2).

(c) Repeat steps a, b, ¢ over all conditions.

3) Repeat step 2 over a range of NFR values.

4) Plot average P, as a function of NFR.

Table 2.1 DTD evaluation procedure in case of double talk

12
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2.3 The robust double talk detector

In section 2.1, we have introduced several double talk detectors, including Geigel
DTD, two echo path model, and cross correlation DTD. These DTD decide double talk by
the threshold in Fig 2.6. But, the DTD decision is dichotomous. We can modify the
decision more mildly to the robust double talk detector. The robust DTD can adapt the
coefficients whatever double talk or single talk is present in Fig 2.7. Therefore, the robust
DTD can alleviate the miss probability, and we do not set the sensitive threshold to avoid

detecting error.

Geigel parameter
04 T T T T T [

DT

0.35 i
<>

detect error

0.3 1
0.25 i
detect error
0.2+ g
| e el L %

TR

0.1 Threshold

T

T

005 [ [ [ [ [ [ [ [ [
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

iteration 4

Fig 2.6 The difference &, in single talk and double talk
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2.3.1 Robust Geigel DTD
In section 2.1.1, we have introduced the Geigel DTD. The detector uses the

microphone signal and far end signal energy ration to decide double talk in Eq. (2.1.1). We

can find that &, ., is quick change in the each iteration whatever double talk or single

talk and &, is increasing in DT period. If &, ., is larger than the T, we can

eigel
detect the double talk and stop adapting. On the contrary, the filter continues adapt

coefficients. But, &, is the decision is dichotomous. Now, we can adapt the coefficients

by &g €ven double talk is present. This means that the step size is very small in double

talk period.

16



Before, we derive the &, PDF. We modify the Geigel DTD. We show that the

modified Geigel DTD is given as follows.
P,(k)=(1-4)-P,(k-1)+A-abs(d(k))

P(k)y=(1-24)-P.(k-1)+ A-max(abs(x(k)))

£, (k)

(k)=
pGeIgel( ) Px(k)

(2.3.1)
Because, &, is fast change in every time. We smooth £, to avoid a sudden
change. pg,,., 18 the microphone signal amplitude and far end signal ration. However,

Poeig 18 difficult to analyze. Therefore, we modify the Geigel DTD criterion to energy

ratio.

The modify Geigel DTD is given'as follows.

P, (k) =(1- 2)- Py (k=1) %4 -d (k)

P.(k) = A~ )sP(k=D+A max(x’(k))

_E()

P, (k)=
(k) P.(h)

(2.3.2)

The P, is very like &, »and &, is amplitude ratio, and the P, is energy

ration. Now, we derive the P, PDF [17]. From Fig 2.7, we can find that the detector
make some error decision. However, we can analyze P, PDF to alleviate the detected
error.

First, we analyze the microphone signal. The microphone signal includes the
echo signal, near end speech, and noise.

d(k)=h"x(k)+v(k)+n(k)

d* (k) = || x> () +v* (k) +n* (k)

17



We assume that the far end signal x(k), near end speech v(k), and noise n(k)

are normal distribution and x’(k), v*(k),and n’(k) are Chi-Square.

1 gy . C .
rv x f.(x)= e *% Gaussian distribution (2.3.3)
o

X

[\
e
=

2
20}

Chi-Square distribution (2.3.4)

rv x* f(X)=————ce
' w/27rxaf

We also assume the microphone signal energy and max(x’(k)) are also

Chi-Square. The P, PDF is given as follows.

fr (F) = (2.3.5)

1
1 P,
7\o;P, (G—j + 6—3)
From Eq. (2.3.5), the expectancy of the random variable E, is calculated as

follows. We also assume the far‘end signal energy is equal one.

- C 2
E[P,1=us = (42% (2.3.6)
var[P,] =&} "=E[(P, = 1)’]
2
=% 0,116+ 202893 1 237552 (2.3.7)
w (o)

. . 2 2 2 2 2
where the microphone signal energy o = ||h|| o.to, +o,

If aj =1 means only single talk, E[P,]~0.13, and var[P,]=0.05. We can find

the converged value is 0.13 in modified Geigel DTD. If the P, is closed to the
converged value. That means that the filter has converged. If the P, is larger than the

converged value, this means double talk is possible present.

We set the soft threshold near P, mean. However, from (2.3.5), we can find

that P, PDF is not symmetric. The soft threshold lies between —2032 =0.12 and

H, +0;, =0.135
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In Fig 2.8, we discuss the relation of the step size and P,. From Fig 2.8, Geigel
DTD decides double talk by one threshold. But, this decision is too hard. However, the
robust Geigel DTD set the buffer range to advance DTD performance. This means that the

detector has the double threshold. Using the buffer range can robust DTD.

Step Size
3 3 3 | © Geigle DTD
0-Z e a—= --©-- Robust Geigel DTD
| N ‘ ‘ ‘
| | \ | | | |
| | N\ | | | |
015t N
3 Y | 3 3
| | N, | | |
| | N | | |
01r+------ o - ‘Y’**}\* ffffffffffffff - 4---—=—1
| | | \ | | |
| | | N\ | | |
| | | A3 | | |
| | | S | | |
| | : ® | |
Q.05 -----b-mmmmoboee b s ST
| | | N, | | |
\
| | | \ | | |
| | | O | |
1 1 1 N 1 1
0f------ Peeooe- roeeoe- Poeeoe- —
| i | | i i i

.05
0.11 0.115 0.12 0.125 0.13 0.135 0.14  0.145 0.15
Geigel

Fig 2.8 Comparison the step size of the Geigel and robust Geigel DTD
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2.3.2 Robust cross-correlation DTD

Now, we discuss the cross-correlation DTD in this section. Before Section 2.3.1, we
set the buffer range to robust Geigel DTD. Using the same idea, we can robust the
cross-correlation DTD. We also extend two kinds of the buffer range.

In Section 2.1.4, we introduced the cross-correlation DTD. Now, we modify the
decision rule. The threshold set to be 0.7. Therefore, we set the buffer range near 0.7. One

set the buffer range lies between 0.6 and 0.8, and another range lies between 0.65 and 0.8.

Step Size
,,,,,,,,, A ‘
o2 | | 2 ﬁ °
| | | /’ |
| | P
045 - e - Fomeme
o P
| | s’ | |
R S [ A ; {yf”/m: 777777777 ]
| | o |
| vy |
0.05F -t 3 R == oo BERRREES
S R : :
| ,’ | | |
v | |
@;—% s a,k* XCK Cross Correlation DTD

.| ==©-- Robust Cross Correlation DTD (1)
' | = — Robust Cross Correlation DTD (Il)
L

1
0.55 0.6 0.65 0.7 0.75 0.8 0.85
Cross Correlation

Fig 2.9 Comparison the step size of the cross and robust cross-correlation DTD

We can analyze the DTD parameter PDF to set the buffer range. If we have the buffer
range, the robust DTD performance is better than the conventional DTD. The result will be

simulated in Chapter 5.
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2.4 Theoretical analysis of cross-correlation DTD

In this section, we analyze two kinds of cross correlation DTD. The mic/AEC
correlation and mic/error correlation is discussed. When we analyze the correlation in
double talk/echo path change, we assume that the adaptive filter has converged in single
talk. We also assume that the far end signal x(k), noise n(k) and near end signal v(k)
are white Gaussian signals and x(k) ,n(k),v(k) are mutually independent. If we know the

exact cross correlation, we can set the appropriate threshold.

2.4.1 Correlation of microphone and estimated signals

Before, we discussed the cross-correlation DTD. We found the correlation values
will decrease whether double-talk or echorpath change arises. But we do not know the

exact degraded value in any double talk or echo path change degree.

(I) Cross-correlation p,. indouble talk
Cross-correlation in Eq. (2.1.4)4s rewritten here for simplicity.

F 5 (k)

(k) =—=———
Pas ) JP, (P, (k)

By assuming, the adaptive filter h is closer to echo path channel /. That means
h~h. The cross correlation DTD use the forgetting factor 4 to smooth p, (k) and
implement online DTD. But, the forgetting factor is hard to analysis. Fortunately, the

forgetting factor p, (k) is closer to the expectation p, (k) when the p, (k)

converged. It means

Py Eld-3] 4
JEOP(k)  \[E[d*]E[$°]

Pas (k)=

DT
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First, we examine P, ; (k).
P, = E[d(k)* y(k)]= E[(y(k) +v(k)+n(k))* y(k)]
~ E[y(k)y(k)]
And y(k)=h"x(k) , $(k)=h"x(k) then P, can express.

P, ~ E[h" x(k)x" (k)h]

A

We assume h~h,
P, ~ E[h' x(k)x" (k)h]~ h" ho'} (2.4.1)
Next, we proceed to find P, (k)
P, = E[d(k)-d (k)] = E[(y(k) +v(k) +n(k)) - (y(k) + v(k) + n(k))]
~ E[h" x(k)x" (k)b V2 (k) £0° (k)]
=h"ho! +0° +0; (2.4.2)
Last,
P, = E[3(k)* () VBl k) x” (ko]

=h"ho?! (2.4.3)

Finally, we combined (2.4.1) (2.4.2) with (2.4.3)

E[d]E[5°]
Gi -hTh 1 .

\/(62. Wh+o?)-(c-h'h) = = (Single-talk) (2.4.4)

X n X 1+ . nT

o.-hh
B Gi -hTh 1

2 7 2. 2 S, — (Doube-talk)  (2.4.5)

\/(ax-h h+o.+0o,)-(o,-h h) 1+Gn+av
ol-h'h
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From (2.4.4), we find that the correlation value is much closer to 1 when single
talk is present. From (2.4.5), it can find decreases in accordance with the near end signal

variance in double talk period. By theoretical analysis, we can know p,, in any DT

situation.

(IT) Cross-correlation p,,. n echo path change 5

Next, we analyze the cross correlation when the converged filter h in single talk
undergoes an abrupt echo path change A . This means hzflihc where h is origin
echo path.

First, we analyzed R{,’)A,(k)
= E[d(k)- y(k)] s El(y(K) +n(k))- (k)]

E[(y(k)- $(k)) = h'ho? (2.4.6)
Next, we proceed to find P, (k)
= E[d(k)-d(k)] = E[Cy(k)+n(k))- (y(k)+n(k))]

~h'hol+o, (2.4.7)

c c X

Last,
P, = E[3(k)* 3(k)] = h" ho'? (2.4.8)
Finally, we combine (2.4.6) and (2.4.7) with (2.4.8)

2.5 (k) Eld y] »
JP <k>P<k) Ty

pysk) =

EPC

hTha h'h

c

S wny @Ry -G

H'h
T J) -y

(2.4.9)

= P,
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From (2.4.9), we find p, ;(k) also the decreases in accordance with origin channel

hand changed channel £, correlation. In double talk or echo path change, p, (k) will

decrease. The cross-correlation DTD is difficult to detect double talk and echo path change.

2.4.2 Correlation of microphone and error signals
Now, we discuss another double talk detector by the microphone signal d(k)and
error e(k) correlation.

The micro/error correlation DTD algorithm is expressed as:

F, . (k)

Pyok) =——=—=——=
’ \Bilk) B k)

(2.4.10)

where
Fy (k) = (A= D) B (k=1)+Ad (K)e(k)
P, (k) = (1- )P (ks Ad* (k)
P,(k)=(1-)P,(k-1)+ Ae* (k)
A s forgetting factor, O0<A<1
@D Cross-correlation in double talk

P, (k) . Eld-e]
JR(OP(K)  \JEld*1Ee]

P (k)=

First, we examine P, ,(k), and define Ah2 h—h.

24



P,, = E[d(k)-e(k)] = E[(h" x(k) + n(k))- (h" x(k) - h" x(k) + n(k))]
= E[(h" x(k) + n(k)) - (Ahx(k) + n(k))]
P,, ~ E[h" x(k)x" (k)Ah+n(k)n" (k)1= h'Aho? + o7 (2.4.11)
Next, we proceed to find P, (k)

P, = E[d(k)-d (k)] = E[(h" x(k) +n(k))- (h" x(k) +n(k))]

~h'ho! +o; (2.4.12)
Last
P. = Ele(k)-e(k)] ~ Ah' Aho? + o) (2.4.13)
Finally, we combined (2.4.11) (2.4.12) and (2.4.13) to get

. ()

Py (k) & =
’ VB, (R)Pytk)

h'Ahe? +o’

Jh he? ¥ 62 AR ARG? +07)

h' Aho? + o7

JU Ao +67) + (h- A 60

Before we assumed the adaptive converged h=h, Ah~0.

h' Aho? + o)

(W' Aho? +0)) +h'holo;

P (k) =
N
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P (single talk) (2.4.14)
1+ 20
Gn
Pae (k)= |
(Double talk) (2.4.15)
h' ho?
I+
(o, +0))

From (2.4.14), the single talk is very close O when SNR is very large. This means
that the microphone signal is significantly different from the error. So, the correlation value
is small. From (2.4.15), we can find that the near end speech energy increases the noise
power. Because the near end speech is view as the noise in AEC, so the noise power adds
the near end speech energy in double talk period. Similarly, we can find the correlation

value in (2.4.15) becomes large in double talk period.

(II)  Cross-correlation in echo'path change

First, we examine P, (k)
P, = E[d(k)-e(k)] = E[(h x(k)+n(k))- ((h] —h)x(k)+n(k))]
~ h'(h! —h)o’ +0* = h' Aho? +o7 (2.4.16)
Next, we proceed to find P, (k)

P, = Eld(k)-d(k)] ~ k",

(& (&

o.+o, (2.4.17)

X

Last

P. = Ele(k)-e(k)] ~ Ah' Aho? + 0! (2.4.18)

Finally, we combined (2.4.16) (2.4.17) and (2.4.18) to get
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Py (k)

Py (k) & =
’ \E, (K)P, (k)

h' Aho? +o;

Jh'ha? + 62 ) (AR Aha? +07)

N h! Aho?
J B G2 AR Ahc?)

. (2.4.19)

From (2.4.19), when echo path change h is present, p,, (k) is equal to the
correlation of the change channel /. and the difference Ah in the new channel and origin

channel h. From (2.4.15) and (2.4419)," p, (k) will decrease whatever double talk or echo

path change. The mic/error correlation DTD is difficult to detect the two situations.

2.5 Theoretical analysis of miss probability in double talk

period

In Section 2.2, we introduced the technique to evaluate double talk detectors, and
calculated the miss probability. But, the miss probability is done by numerical simulation in
Fig 2.10. In this section, we will derive the theoretical miss probability. We can analyze the

DTD parameter probability density function (PDF). We will derive the PDF of the

cross-correlation  p, (k) , an important DTD parameter. From the PDEF, the miss

probability is calculated.
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Fig 2.10  The methods of calculating miss probability

Fy 5 (k)

B (k)P (k)

p,;(k)use forgetting factor to smooth. But, g;. (k) is a random variable. Then, by

Now, we analyze the correlation p, (k)= from (2.1.4). Because

discarding the forgetting factor in (2.1.4), where the moment random variable

__d)-yk) - (" x (k) +0(k) + n(k)) - (A" x(k))
J&2(k)- 2 () W Y - v(k) + n(k))* - (R x(k))?

A

h~h is assumed as the filter converges in single talk.

LRSS !

\/(||h|| X2 (k) + v (k) +n* () (||| ** k) \/1 M
[ " ey

Pk~ 2.5.1)

From (2.5.1), we simplify p, (k) is a function of the random variables

x*(k),v*(k),and n’(k). Since the random variable x(k) is normally distributed, and
random variable x°(k) is Chi-Square distributed. The complete DTD evaluation
technique [8] calculates the miss probability. Before measuring miss probability, the DTD

threshold is predetermined to meet the given false alarm probability.

28



First, we set that near end signal is zero (v(k)=0). The correlation

o, (k) = h" xxh B 1
- \/(thxTh+n2)-(thxTh) \/ n’

1+——
nf <*

In order to find the DTD threshold, we must derive (2.5.2) PDFE.

Now, we need the h"hx* PDE We also defines= fx*> = h"hx*, where B=h"h,

whose PDF is also Chi-Square distribution.

N

Fls)=mm—e 7

270

2

We define random variable z = Ly By the derivation, the random variable PDF z is

s

calculated as follows.

1
f.(2)=
Z 1 z
ﬂ\/O'jﬂZ(*+72)
p- o,
Now, the cross correlation is simplified: It-is.relation with the random variable z .

1

(k)=
pd,y( ) \/—1+—Z

We continue to transform random variable. Defining random variable w=+/1+z ,

the random variable w PDF is given.

w > 1

2w 1 1
w( ): ’ ) 2
fow)=— JBoEw? —1) R
B

2
(o}

n

Then the correlation PDF is simplified. p, ;(k) = 1 .
w

. 1 . L
Last, we define p = — . The random variable p ..; PDF is given as follows.
w

2 | |

fpdv(p): 2 2 ’ 2 2
) 7 \/ﬂan(l_p) (,07_*_1—,0)
g o,

n

, 0< p <1
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We have the correlation PDF without near end signal, so we can calculate the

theoretical DTD threshold under fixed false alarm probability. The false alarm probability

P, means that the detectors decide double talk when double talk is not present.

P, = P(DT is detected | DT Not happens)

If the correlation is below threshold, the detector will decide double talk. If we

know the fixed false probability, we can calculate the theory threshold by (2.5.4).

5 T T T T T
The correlation PDF in single tall
45F -
4k -
351 -
3L a
L

X P, -
2 - - =
151 -
1k -
05k -
0 4

] D2 0.4 0k na T 1

Cross correlation

Fig 2.11 The PDF of p, ; in single talk

In Fig 2.11, the threshold is chosen, and the false alarm probability is also

determined. The dotted line area is equal the false alarm probability.

2 1 1
PA[f (pdp= | S — dp 254
f j() Pd.y 0 7 ﬂaj(l—pz) (,02 +1_1202) ( 5. )
g o

T is theoretical threshold, we assume /3 Ehh
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2 T
P, == ArcTan[————] (2.5.5)
ox NE )
- P.r
o, Bltan(-—L—))
T = 2
-2 Pf” 2
{(o, ﬂ[tan(‘T)] )+1}
r= ] % Lo 29 b (2.5.6)
a +1 200 T P

HancT < £
2 2

h
|

where azo)

From (2.5.5), we can find the theoretical threshold as a function of the false alarm

probability. In (2.5.6), we simplify the theoretic.”The simplicity can more easy to see the
relation between 7' and P, Now, we added mear-end signalv(k)in (2.5.2), and the
p,;(k) PDF would change.

1

n:+v
h' hx?

Pas(k) = (2.5.7)

2
1+

Comparing with (2.5.2), (2.5.7) has an added near-end signal random variable. We
assume the random variable r=n>+v* is still Chi-square distribution for simplicity.
Now, the PDF of p, (k) with DT can be got.

2 1 1
Jo, (P)=— , 0<p <l (2.5.8)

T B +a)-p) (P 1P
B (o +0)

Comparing (2.5.3) with (2.5.8), we can find that the difference of the PDF change

only the noise power from the near end signal energy and noise power. Now, we can
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calculate the miss probability P, from (2.5.8).

———— Single-talk PDF
4.5+ Double-talk PDF 7

3.5 i

PDF
N
(6}

|

1.5+

0.5

0 0.2 0.4 0.6
Cross-correlation

Fig 2:12 The PDF of p, ; iin DT

P, = P(DT s Not detected | DT happens)
The PDF of p,; in DT is in Fig 2.12, and the threshold is also the same with in

Fig 2.10. When p, ; is below threshold, the detector decides DT in double talk period. On

the contrary, double talk occurs that the correlation is above threshold. The detector deices
no double talk, so the detector occur error. From Fig 2.11, we define the miss probability

from (2.5.9). The dotted line area is equal the miss probability.
J‘OT f, (P, o’)dp means that the detector decide correct probability. The correct

probability means that the DTD detect double talk in double talk period. Therefore, the

miss probability P =1 — correct probability.

T 5 1 P
P, :1—]0 f,, (p.0; )dp=jT £, (p.ol)dp (2.5.9)
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where T is theoretical threshold. Because (2.5.9) is too complicated, so it can not be

written a closed form. From (2.5.9), we can find the miss probability depends on near end
signal energy and threshold. In Section 2.4, we analyze the mean of p ;. In Section 2.5, we
deeply analyze p,; .
Using the integration definition, we can approximate (2.5.9).
1
F.= J‘rfp@ (py)dp , T~I
1+T
zfpdy(pdjv: 2 )(1_T)

207 1 1
~x-(1-TY~rx—2L —=~r' 2.5.10
( ) . sz P2 ( )

~

In (2.5.10), we can find a square.inverse law between the false alarm and miss
probability. We can use the law’to simplify-the c¢omputation. Without solving the DTD

parameter PDF, we can find x = to get the miss probability.

2.6 Nonlinear loudspeaker effect for DTD

Before we discussed that the acoustic echo path cancellers use linear adaptive filter
structures in double talk period to model the acoustic path of the loudspeaker enclosure
microphone system, such as the FIR filter /(k) described by its impulse response.
However, low-cost applications employ small loudspeakers operating beyond their range of
linear transduction, and mobile communication terminals may be designed to tolerate
clipping of large amplitudes in the amplifier to achieve high sound levels [10].

Unlike the earlier linear loudspeaker, now, the echo component has nonlinear part and
linear part. The cross-correlation double talk detector can detect double talk in linear
loudspeaker. But for nonlinear loudspeaker in Fig 2.10, can the cross correlation DTD

detect double talk?
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Fig 2.13 Structute of the nonlinear loudspeaker

Next, we analyze that the’ cross-correlation detector in case of a nonlinear
loudspeaker. First, we assume that the nonlinear function in Fig 2.13 is s(x) = ax +a,x’ .

s(x) 1is output signal from nonlinear loudspeaker,x is far end signal, and a, , a, is
nonlinear function coefficients. We can find that nonlinear function include with linear and

nonlinear part.

Now, we analyze P, (k)
P, ; = Eld(k)* y(k)]= E[(y(k) +v(k)+n(k))- $(k)]
= E[(h" (a,x +a,x*) +v(k) +n(k))- i x(k)]
~ hTh(a, - E[% (k)- x" (k)] +a, - ELx(k)x" (k)]) (2.6.1)
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Then, we focus on P, (k)
P, £ E[d(k)*d (k)]
= G E[x°(k)x* ()" 1+ |1 a} - E[x(k)x" (k)]
+2|H aa,Elx* (k)] + 07 + 0! (2.6.2)
Last
P, = E[5(k)- 5(k)] = E[(h" x(k)) - (H x(k))]
= E[i" x*(k)h] = h" ho (2.6.3)
From (2.6.1) (2.6.2) and (2.6.3), pd&(k) becomes

Pk
(k)= ——3 =
Pas ) JEO B

(a,Elx'1+a,07)

2 2

\/ ( G"hf;v + QaaBlx' 1+ a2 Ex°) + a0’
a
1+ 5

_ 1~ x

B 2 2 2

o, +0 a a

242 Ex ]+ 25 E[x°]+1
achh ao. a, o

E[x*])

X

We assume q, >a, ,and hTh:|h|2:1. Before the far end signal x(k) is white

signal, E[x*]=3, and E[x’]=0".

4O (2.6.4)
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From (2.6.4), we can find that the ratio & affects the cross-correlation DTD in

a

nonlinear loudspeaker. If the D ratio is larger, p, (k) is smaller in double talk period.

q,
In Section 2.4, we also derive the theoretic cross correlation in linear loudspeaker.
If a,=1,and a,=0, it means that the loudspeaker has only linear part.

Py =T—— (2.6.5)
1+

We can find that (2.6.5) is the same (2.4.5). This means that we derive the
theoretic correlation in nonlinear loudspeaker is accurately. And we can find that the

nonlinear loudspeaker will affect the cross-correlation value.
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Chapter 3

The Modified Cross Correlation
Double Talk Detector by Microphone
Energy

In Chapter 2, we have derived the theoretical correlations, and miss probability. But,
there is a serious problem that we discussed in section 3.1. When the echo path change
happens, the correlation value will be decreased, like in double talk period. The detector
detects error between double talk and,echo path change. This distinction is important
because the adaptive filter coefficients should-be continuously updated during the echo path
change but not during the double talk period. In Section 3.2, we will propose the modified
cross-correlation double talk detector.” The-“modified cross correlation DTD uses the
microphone energy to distinguish the echopath change from double talk.

In Section 3.3, we will propose the technique to evaluate DTD in different echo
path change. Before the Morgan’s technique [8] only can evaluate the DTD in double talk
period. We can combine our technique with Morgan’s technique to evaluate the DTD in
double talk and echo path change. In Section 3.4, the variant threshold can improve the
DTD performance. Because, the cross correlation DTD is very sensitive. The cross

correlation DTD is more robust by the variable threshold.
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3.1 Cross-correlation DTD in echo path change and double

talk

One of problems in double talk detector is that there is difficult to distinguish the
echo path change [3] from DT. This distinction is important because the adaptive filter
coefficients should be continuously updated during the echo path change but not during the
double talk periods. On the contrary, when there is an abrupt change of the echo path
change (EPC) in the near-end room, the adaptive filter with fast rate of convergence is
required to track the echo path change. It is therefore necessary for a DTD to be able to
distinguish between the DT situation “and: the echo path change in order to obtain
appropriate tracking performance of the adaptive filter. For both cases of DT and echo path
change, the misadjustment of the adaptive filter, and thus the error signal, is drastically
increased. Thus, the error signal cannot be used as*a DTD alone since it cannot distinguish

between these two events.

For an example, in Fig 3.1, the cross correlation p, (k) is decreasing in double

talk period. However, p, (k) is also decreasing when echo path change is present. From

Fig 3.1, double talk is 1k from 1.5k, and echo path change occurs in 2.2k. So, the cross

correlation double talk detector can not distinguish between DT and EPC. The variation of

pg(k) has four cases. Therefore, the conventional cross correlation DTD can not

distinguish the four cases. The conventional cross correlation DTD is not robust.
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Fig3.1  Variationof p,; between DT and EPC

In next section, we propose ‘the modified cross-correlation double talk detector. The
modified cross-correlation detector can distinguish-the four cases. Whatever the level of

double talk or echo path change is present, the'modified DTD can detect correct.
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3.2 The modify cross-correlation double talk detector

In Section 3.1, we discussed that the cross-correlation DTD is hard to differentiate
between double talk and echo path change. In this section, we propose the modified cross
-correlation DTD. The conventional cross correlation DTD although can detector one

situation. But in general case, the conventional cross correlation DTD detect error between

DT and EPC.

In Table 3.1, we will consider four cases of the cross-correlation, depending on the
near-end signal energy and the degree of the echo path change. The small EPC means that
the new change channel is close to,the origin‘ehannel. The large DT means that the near

end speech energy is large.

From Table 3.1, we can find four typical cases in double talk and echo path change.
But the conventional cross correlation DTD works in only one case. To make the detector
robust, we extend the cross-correlation DTD by incorporating microphone energy. Fig 3.2

is the structure of the modified cross-correlation DTD.
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Table 3.1 The cross correlation p (k) in four cases
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Fig 3.2 Structure of the modified cross-correlation DTD by including the
microphone-energy
The modified cross-correlation. DTD_includes the microphone energy detector. The
energy detector can detect the double talk, and help cross-correlation DTD make correct
decision. The energy detector is like Geigel double talk detector. With the energy detector,
the modified cross-correlation DTD can detect correctly the four typical cases. Using the
microphone energy, it has the drawback when the near end speech energy is small. The
modified cross-correlation DTD is hard to detect double talk in near end speech small
energy. The modified DTD drawback is the same with the Geigel DTD. However, the
Geigel DTD is difficult to detect echo path change.

The flow chart of the modified cross-correlation DTD algorithm is given in Fig. 3.3.
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First, we use the correlation p, (k) in (2.1.4) to decide single talk or double talk

(or echo path change). This means that double talk or echo path change is present when
correlation is smaller than some threshold. Second, we use the microphone energy to detect

double talk. The microphone energy detector algorithm in (2.3.2) is written for simplicity.

The microphone energy detector actually is a Geigel DTD with smoothed

microphone and far end signal energy. If P, (k)is larger than the threshold, we can decide

double talk. Once doubletalk is declared, the detection is held for a minimum period of

time. If P, (k) is smaller than the threshold. We can decide echo path change.

Now, we use two detectors that we can detect all situations. With two detectors, we
can are more confident to decide double talk or echo path change. The cross-correlation
DTD can detect double talk in near end speech small energy. But, the Geigel DTD can not.
We make the cross-correlation DTD to be more robust. In Chapter 4, simulations of all

cases will be performed to verify the effectiveness of the modified cross-correlation DTD.
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3.3 Evaluating DTD in echo path change and double talk

In Section 2.2, Morgan [8] proposed an objective technique to evaluate double talk
detectors. But the technique only calculates the miss probability in double talk. The DTD
should decide double talk or echo path change. Therefore, we also can calculate the miss
probability when echo path change is present. This section will introduce the method to
calculate the miss probability in echo path change period. We can combine [8] with our

technique to calculate the miss probability in double talk and echo path change.

3.3.1 Introduction the technique evaluate DTD in echo path change

Before we introduced the technique/evaluate.DTD in echo path change, we discuss
echo path change. From [8], we calculate the miss probability in different levels of the near

end signal energy. But for the eche path change, we must calculate the miss probability in

different echo paths. We define the parameter ), to quantize degree how the echo path

changes. The channel correlation ©;, is defined as follows.

s honl

2, (3.3.1)

[

where h_ is the new change channel , assuming the filter has converged h~h , h isthe

origin channel.

The small channel correlation means the echo path change A, is very different to

the origin channel /. The detector can easily detect that echo path change for a small 0O, .

The channel correlation 0, lies between -1 and 1.
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In section 2.2, the miss probability has been used. In this section, we also calculate
the miss probability in echo path change. Avoiding disarraying the miss probability, we

define that the miss probability in echo path change calls the change miss probability P, .
Similarly, the false alarm probability in echo path change defines the change false alarm

probability P, .
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Fig 3.4 The method of the calculating false alarm probability

Now, we introduce the technique to evaluate DTD in echo path change. First, we

calculate the change false alarm probability P, using the count in Fig 3.4.
P, £ P(EPC is detected | EPC Not happens)

The change false probability P, =— (3.3.2)

where N is trial length , ¢ is the frequency when detector makes error decision.
We find the threshold under fixed false alarm probability from (3.3.2). This step is equal to

the [8].
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Second step, Let EPC happen in range C.

Next step, calculating the miss probability is in this step.
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Fig 3.5 The-method of the calculating miss probability

C
The change miss probability P, —1—% (3.3.3)

The change miss probability is one minus correct probability. By the above
procedure, we can calculate the change miss probability in EPC. We can use the technique

to calculate the miss probability in different level of echo path change.
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The complete DTD evaluation technique is summarized as follows.

1) a) Select threshold T.

b) Compute false alarm probability P, from (3.3.2).

c) Repeat steps a, b over a range of threshold values.
d) Select threshold value that corresponds to P, =0.1

2) Calculate echo path change

Let EPC happen in range C
3) Select different channel correlation value.
a) DTD algorithm decides echo path change range ¢ .
b) Compute P, from (3.2.2)
c) Repeat steps a, b, ¢ over all conditions.
4) Repeat step 2 and step 3 over a range of channel correlation values.

5) Plot average P, as a function of channel correlation

Table 3.2 DTD evaluation procedure in-case of echo path change

3.3.2 Evaluating DTD miss probability in echo path change and double
talk

In section 3.3.1, we introduced the technique which can calculate the miss
probability when echo path change is present. Now, we combine Section 2.2 technique with
section 3.3.1 method. The combined technique can calculate the miss probability in double

talk and echo path change period.

48



Step 1:
Find Steady State Threshold

Step 2:
Calculate DT Miss Probability

Step 3:
Find EPC Range

Step 4:
Calculate EPC Miss Probability

Fig 3.6 A flow chart of the calculated miss probabilities for DTD and EPC

From Fig 3.6, the step 1 and step 2 of the combined technique is the same method in
[8]. The fist two steps can calculate the miss probability in double talk period. The step 3
and step 4 of the combined technique is introduced in section 3.3.1. The last two steps can

calculate the miss probability when echo path change is present.
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3.3.3 Weight miss probability

Before we calculated the miss probability, we have the same weight to calculate
the miss probability. But, the same weight is not fair. Therefore, we want to modify the
weight. The weight miss probability is more fair and robust. We use the residual error
power or near end signal energy to be different weight.

In DT period, we calculate the miss probability from (2.2.2). The miss probability

is given as follows.

= 1 — correct probability

We can find that the variable @ is binary. It means that the DTD detect correct is
one. On the contrary, if DTD detected wrong that the variable @ is zero. The variable @ is
one if DTD detected correct, -and.we can find .that the DTD had the same weight to
calculate the miss probability.

Therefore, we modify the weight.

0.6, near end energy >5db
® =41, -5db < near end energy < 5db
1.4, -5db < near end energy

(3.3.4)

We modify the weight in (3.3.2). When near end signal energy is large, the DTD
can decide DT easier. Therefore, we change that the weight is smaller. In other words, the
DTD can decide DT harder in near end signal small energy. The weight is larger than 1.
Hence, we modify the weight that the miss probability is more fair and robust.

Equally, we can modify the weight when echo path change is present. In section 3.2,
we proposed a technique to calculate the miss probability in echo path change. We calculate

the miss probability in echo path change from (3.3.3).
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The variable O, equal one when the DTD detect correct. Similarly, the weight is

the same in every point. Therefore, we modify the weight by residual error power. In

section 3.3.1, we also propose the 0, to judge the level of echo path change. When the
P, is small, it means that the residual error power is also small, and the DTD detect

harder correct. On the contrary, the DTD detect easier correct in large 0, situation. The

modified weight is as follows.

0.7, (k) > 0db
0, =31,-10db < e*(k) < 0db
1.6, -10db <e’ (k)

(3.3.5)
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3.4 Variant threshold

In section 2.1, we introduced the cross correlation DTD. If p, ;(k) is smaller than
the threshold, the detector decide double talk. We only use the fixed threshold to detect
double talk. But, using the fixed threshold has a drawback. From Fig 3.7, double talk is
present in 1K to 1.5K. We set that the fixed threshold is equal 0.95. If p, (k) is below
the threshold, the detector decide that double talk is present and the correlation is
decreasing to 0.5. When double talk is over, the correlation is increasing to 0.95. Therefore,
P, (k) s larger than the threshold and the filter continue adapting. But, the better detector
can decide that the filter continue adapting when double talk is over.

In order to perform the detector, we use, the variant method to prove the performance.

Cross correlation
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Fig 3.7 The cross correlation p, ; under fixed threshold
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Now, we use the variant threshold like Fig 3.8. If the detector decides that double
talk is present, we can set that the threshold is larger than the correlation in DT period.
With the new threshold, the detector can faster decide that double talk is over.

Then, the detector decides the single talk, and the threshold renews to set. This means that

the double talk detector can faster decide double talk when double talk is present again.

Cross correlation
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0.7 i
0.6 / i
Threshold(2)
0.5 ]
0.4 4
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iteratiom X 104

Fig 3.8 The cross correlation p, ; under variant threshold

In section 2.4, we analyzed the theoretical cross correlation whatever double talk or
echo path change. From (2.4.4) and (2.4.5), the theoretical correlation is exact value in any
double talk cases. If the detector decides that double talk is present, we use the (2.4.5) to
calculate the threshold again.

But, (2.4.5) is not practice, and we rewrites (2.4.5) for simplicity.
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2 2
ol +0]
ol-h'h

Pas (k)=
I+

From (2.4.4), we can find that o, is unknown parameter in real environment. There

we modify the (2.4.4).

Pas (k) = = ~ — (3.4.1)

where

1 M-1

1 M-1
A2 2 . A2 2 .
c;=—>d(k-i),0.=—> x(k—i
Ty Z;, (k—1) Y Z;, (k—1)

Now, the (3.4.1) is practice in real environment. We use (3.4.1) to calculate the
threshold in double talk period. The new,threshold is calculated as follows.

Threshold = L (3.4.2)
6~ 6'5
O_Z

X

1+

2
"

The (3.4.1) is accurate correlation. If the threshold is larger than correlation, the
filter is safer and not diverges. The variant threshold in cross correlation DTD algorithm is
from Fig 3.9.

If the filter has converged, the double talk is abrupt present. The correlation is
decreasing and small the threshold. The DTD detect the double talk and freeze updating.
We can calculate the threshold by (3.4.2). With the new threshold, we can faster find that
the double talk is over. Therefore, the performance is better than the fixed threshold. Until

the correlation is large the origin threshold, the threshold change the origin threshold.
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Chapter 4

Computer Simulations

In this chapter, we will perform the computer simulations to verify the previous
derived results. The difference between the simulation and theoretical results will be
compared in this chapter. Both white and speech signals are also considered.

In Section 4.1, we explain the some simulation parameters, such as echo path
impulse response, speech model and others parameters. In Section 4.2, we compare DTDs
in section 2.1. In section 4.3, we illustrate the effectiveness of the robust DTD.

Theoretical and simulated: cross-correlations DTD are compared in Section 4.4. And
shown to be very close to each other. In-Section 4.5, we compare the theoretical and
simulated miss probabilities.

In Section 4.6, we verify that the modified cross-correlation can detect precise
whatever double talk or echo path change is present. The technique for evaluating DTD in
echo path change and double talk is simulated in Section 4.7. In Section 4.8, we propose

the variant threshold to adapt to the real speech environment.
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4.1 Simulations parameters and room impulse response
The echo impulse response h(k) is shown in Fig 4.1. Fig 4.2 shows the far end

signal and near end speech, where DT occurs from 10k to 15k. In following speech

simulations, will use the signal in Fig 4.2

impulse response
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Fig 4.1 Echo path-impulse response
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Fig

4.2 The far end signal and near end speech
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4.2 Comparison of four typical double talk detectors in double

talk

In Section 2.2, we have explained how the technique in [8] can calculate the miss

probability in double talk period. Here we let the step size u=0.2, forgetting factor

2

A =0.01, and NFR= sz ,denotes the energy ratio of the near end signal to the echo signal.

X

From Fig 4.3, we found the mic/AEC correlation double DTD is better than others
DTDs. Similarly, two echo path model can freeze adaptive in double talk period. But from
Fig 4.3 the two echo path model performance is bad. But, two echo path model is a good
choice to implement in real environment for its excellent stability. The Gradient correlation
double talk detector is most effective when near end signal energy is very small. The miss

probability is an inverse proportion'the NFR.

Miss Probability

—*— Geigel
—O— Cross correlation
Gradient correlation

Fig 4.3 Comparison of DTDs miss probability in different near end signal energies
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4.3 Robust DTD

In section 2.3.1, we introduced the robust Geigel DTD. The buffer range is set by
the PDF of P,. The buffer range is in Fig 2.8. From Fig 4.4, we can find that the robust
Geigel DTD is better than the conventional Geigel DTD. In DT period, the robust ERLE is
better about 3db than the convention. By the simulation, the buffer range makes the Geigel

DTD more robust.

-10 --=-- Geigel DTD ‘ | |
—— Robust Geigel DTD | |
19 NODTD | T
20! : ; : : ; : | | |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
iteration X 104

Fig 4.4 Comparison of the robust and conventional Geigel DTD

59



In section 2.3.2, we also introduced the robust cross-correlation DTD. We also use
the different buffer range in Fig 2.9. In this section, we will simulate the different range.
From Fig 4.5, we can find the wide buffer range is better than the narrow buffer range and
the convention. However, the performance of the robust cross-correlation DTD is a little

better than the convention.

ERLE
30 T T T

wide range DTD
25+ - .

20

narrow range

15
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0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

iteration X 104

Fig 4.5 Comparison of the robust and conventional cross-correlation DTD
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4.4  Analysis of the cross-correlation DTD

4.4.1 Analysis of the microphone signal and the estimated signal correlation

DTD

In section 2.4, we derive the theoretical cross-correlation p 15 of the mic/AEC

correlation DTD. Now, we assume Near-end signal energy is equal to far-end signal energy.

By (2.4.5), the theoretical correlation p, ; is related with near end speech energy. The
simulation is also very close to the theoretical correlation in DT period. Another case, the
theoretical correlation p, ; is equal to different channel correlation in (2.4.9) when echo
path change occurs in 22k. When EPC is present, the correlation p, ; is relation with the

origin and new channel correlation. By simulation;"we can find the simulation is also very

close theoretical value in EPC.

Cross Correlation
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Fig 4.6 Simulated and theoretical the mic/AEC correlation p,; in DT and EPC
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4.4.2 Analysis the microphone signal and the error signal correlation DTD

Mic/error correlation
1 2 T T T T

—— Simulated
.......... Theoretical

EPC

[
0 0.5 1 1.5 2 2.5 3

iteration X 104

Fig 4.7 Simulated and theoretical the mic/error correlation p,, in DT and EPC

From Fig 4.7, we can find that the simulation is also very closed the theoretic value.
We add near end signal from 10k to 15k.And the near end signal energy is 1. From (2.4.15),
the theoretic value is related with near end speech energy in double talk period. The
theoretic correlation is relation with the change channel /. and the difference Ah in the

new channel and origin channel / in EPC from (2.4.19).
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4.5 Analysis the cross-correlation DTD miss probability

In Section 2.5, we studied the miss probability of the cross-correlation DTD. First,
we derived that the threshold is a function with false alarm probability in (2.5.5). In Figure

4.8, we find that the DTD threshold under fixed false probability is closed to theoretical

threshold when false alarm probability P,

large 0.2. Therefore, the theoretical derivation
(2.5.5) appears to be correct.

Next, we derive that the miss probability under fixed the false alarm probability.
From Figure 4.8, when the false alarm probability is progressive smaller, the threshold also
is smaller. The result is very intuitive. Because (2.5.3) does not include the near end signal,
the correlation is very close 1. Hence, the threshold is also closed 1. But, when the
threshold is getting further away from 1, the detector makes frequent errors in double talk

period. Therefore, the false alarm probability is larger:

From Fig 4.9 and 4.10, wé.can find the miSs'probability P, is decreasing when the

false alarm probability P,

is increasing. In Figure 4.11, we can see that the near end
signal energy is larger, and the miss probability is smaller. But the simulated line is not
close to theoretical line especially when NFR is below -5db. This may be due to our
assumption that the random variable r=n’+v* is Chi-square distribution. When the near
end signal energy is small, it is added with noise. The mixed signal is not Chi-square
distributed. But when the near end signal energy is large, it may be well assumed to have
Chi-square distribution. When the miss probability is large 0.2, the cost of the detector is

very high. Therefore, we focus on the small miss probability. We find that the theoretic is

close the simulation.
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Fig 4.11 Simulated and theoretical cross correlation DTD miss probability
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4.6 Nonlinear effect for cross-correlation DTD

In Section 2.6, we have derived the theoretical correlation p 0 in nonlinear
loudspeaker. From Fig 4.12, we can find that p, ; in single talk and DT is decreased for
nonlinear. The theoretical correlation p, ; is close the simulated in single talk. However,
in DT period, the theoretical correlation p,; is not close the simulated. Because we

approximate the correlation p,; in (2.6.4).

Cross-Correlation

—— Simulated
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Fig4.12  Nonlinear effect for cross-correlation p,,
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4.7 Modified cross-correlation DTD by microphone energy

In Section 3.2, we proposed the modified cross-correlation DTD. In this section, we
simulate the four cases depending small/large DT or EPC. By simulation, we can find that
the modified cross-correlation DTD can make corrected decisions whatever double talk or
echo path change. The traditional cross-correlation DTD can not distinguish well between a
double talk and echo path change. Our proposed is indeed more robust than the
conventional correlation DTD.

We simulate different echo path change under fixed double talk energy. We use the
cost to robust cross correlation DTD. In Fig 4.13 and 4.14, the small DT energy is equal far

end signal energy, and the large or_small _channel correlation. We can find that the

correlation p, ; is decreasing in double talk and echo path change in Fig 4.13. We can

find that the microphone energy -detector.1s not increasing in EPC. From Fig 4.13 and F4.14,
the detector can detect correct in different echo path under fixed near end speech energy in
Fig 4.15. From Fig 4.15, we can find that the detector can not perfect decide in near end
energy small energy.

Similarly, in Fig 4.16 and 4.17, the large DT energy larges four times to far end

signal energy, and the large or small channel correlation. We can find that the correlation

P.; 1s decreasing in double talk and echo path change in Fig 4.18. From Fig 4.18, we can

verify that the modified cross correlation DTD can decide all case whatever double talk or

echo path change.
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Fig 4.13  Cross correlation p,, ;0f the different EPC under fixed small DT energy
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Fig 4.14 Microphone energy of the different EPC under fixed small DT energy
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Fig 4.16 Cross correlation p, ; of the different EPCunder fixed large DT energy
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4.8 An technique for evaluating DTD algorithms in double talk

and echo path change

In section 3.3, we proposed that the technique could calculate the miss probability
whatever double talk or echo path change. We compare the modified cross correlation DTD
with the conventional cross correlation DTD. The conventional cross correlation DTD only
can decide one case in table 3.1. Now, we use the technique and simulate it. From 4.19, we
can find that the miss probability of the modified cross correlation DTD is an inverse

proportion to near end signal energy. However, the conventional is very worse in near end

speech large energy. In Fig 4.20, the channel correlation 0, means the change of the

room impulse is correlation with the ofigin room impulse. When 0, is larger, it means

the change channel room impulse is very.close to the origin room impulse.

From 4.20, we can find that the channel correlation is larger, and the DTD miss
probability is also larger. The result is the same to the instinct. If the change room impulse
is very close to the origin room impulse, the DTD is hard to detect that echo path change is
present. Therefore, the miss probability would be larger. On the contrary, the channel
correlation is smaller. This means that the change channel is very different with the origin

channel. Consequently; the DTD is easy to detect that echo path change is present. Even

P, is negative, the modified detector can detect that echo path is present. However, the

conventional detect worse in large channel correlation.
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In section 3.3.3, we propose the weight miss probability. In Fig 4.19, we use the
same weight to calculate the miss probability. In Fig 4.21, we modify the weight by near
end signal energy. When the near end signal energy is larger, the weight is decreasing. This
means that the detector can easy decide correct when near end signal large energy. From
Fig.4.21, we can find that the miss probability in near end speech small energy is very close
to zero. However, because of the weight, the weight miss probability is larger than no
weight miss probability. Therefore, the detector can not detect all cases, and the weight

miss probability is more penalty in near end speech larger energy.
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Fig 4.22 Comparison.of the weighted and no weighted miss probability

From Fig 4.22, we can find:that theé miss probability is very large when the

channel correlation is very close to one. This result is the same with the Fig 4.18. The

is always smaller than the no weight miss probability.

weight miss probability
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4.9 Variant threshold in cross correlation DTD

In section 3.4, we discussed the selecting variant threshold can improve performance.
We use the Fig 3.9 algorithm to verify our algorithm. We simulate the cross correlation
DTD under the fixed threshold and the variant threshold. We also simulate the condition in

real speech.

ERLE
35 ‘
====| inear variable Threshold
30 Linear fixed Threshold .
— Farend signal
25 near end speech 8

[ [ [ [ | | | |
0 2000 4000 6000 8000 10000 12000 14000 16000 18000
iteration

-10

Fig 4.23 Comparison of the fixed threshold and the variant threshold in cross

correlation DTD

From Fig 4.23, we can find that ERLE of the variant threshold is better than the fixed

threshold when double talk is over. Because the variant threshold can faster detect that

double talk is over.
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4.10 Square inverse law
In section 2.5, we derive that the miss probability is function of the false alarm
probability. Moreover, using some approximation, we can derive (2.5.10). From Fig
4.24, we can find that the smaller k' is better. Therefore, the mic/AEC correlation

DTD is best. The result is the same the Fig 4.3. We can use the different point to check
the DTD performance in double talk period. Because we have P, and P, , we use

the minimum least squares solution (LS) to findx'=7-10° without finding the Geigel
DTD parameter PDF. Similarly, the Mic/error correlation DTD has the different
k'=4.6-10". Therefore, we can extend the idea to other DTDs without solving PDF.
Moreover, we can find that the smaller x' is better. We can use x' to decide the

detector is good or bad.

08 T T 1§ T i T T T
‘ | —6— Kk'=0.0072244 Geigel DTD
07~ J\ W S ___| —©—K'=0.0046748 d e correlation DTD |
| —¥— Kk'=0.0022485 d y correlation DTD
0.6F- -\~ e s oo ro--- o1
> 0.5F-----A---\- B e e e SR e REEEEE

s |

8 |

© 0.4p-----4-\-- N e bommm o

o l

[2) |

2 !

S 0.3\ N
02k NC | e oo
R R e

} } } [ \ ¥ § =@

0 |
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
False Alarm Probability

Fig 4.24 The miss probability for different x ' under fixed false alarm probability
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Chapter 5

Conclusions

In the hands-free mobile radio telephone or the teleconference systems, the DT will
degrade the performance of the NLMS algorithm. However, the DTD is hard to
differentiate DT and EPC. We propose the modified cross-correlation DTD. The modified
cross-correlation DTD can make correct decision between DT and EPC.

In Chapter 2, we derive the theoretical miss probability in DT period for mic/AEC
correlation DTD. The robust DTD is used by ‘the buffer range. The robust DTD can
improve the performance. The nonlinear effect is also-discussed in this section.

In Chapter 3, we propese a novel-technique for evaluating DTD in EPC. The
technique can calculate the miss probability. in'the different level of echo path change. We
also propose the variant threshold instead of the fixed one.

Computer simulations is shown in Chapter 5. The result show that
(D Robust DTD using the buffer range can improve the performance.

(I) The miss probability is a function of the false alarm probability
(IIl) The modified cross-correlation DTD can make correct decision between DT and
EPC.

(IV)  We propose a evaluating technique for DTD in EPC
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