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1. Introduction and preliminaries

Quality of the IP telephony service can be measured by two ways. The MOS
(mean opinion score) gives the subjective point of view. The technical parameters of
network brings the more objective view. Signal-to-noise ratio is one of such technical
parameters. It is the ratio of mean power (or energy) of transmitted signal and the noise
(difference between transmitted and received signal). The IP telephony service uses the
principle of the packet commutation for the speech transmission, for instance in [11]. An
analogous speech signal is decomposed into Shannon sequence. The coefficients of the
speech signal are segmented into frames. Each frame contains part of the speech
lasting 20 ms. The frames create an information part of packets delivered to a receiver's
address. During the transmission over IP network, packets may get delayed, or lost.
The theory of the impact of packet loss on speech quality has been elaborated in the
article [8]. We present the results achieved by modelling short segments of speech as a
cyclostationary stochastic proces. The cyclostationary proces is created, if the basis
used for discretization consists from regularly shifted functions.

Different shapes of the basis functions lead to different properties of the signal
transmission chain. The researcher is searching the best shape of the signal according to
required property. The basic property has to be kept: "the regularly shifted functions have
to create the basis of the space of all speech signals". We have defined the necessary
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conditions for regularly shifted functions to create the basis in another papers [6], [7].
Theory of cyclostationary processes can be found in [1], [9]. We have explained some
definitions and properties for better understanding of this notion in [8].

2. Reconstruction in case of uncorrelated samples loss

We have shown the case of uncorrelated samples loss in the article [8]. First we
used the model applying the Shannon decomposition.

Theorem 1 Let x(t,£) is the stationary, centred, Q -bandlimited stochastic process and
let its representation in Shannon basis incase T = % teR is

o0

K.8)= Y x0T TtEtds S e

k=—o0 k=—0
so the basis functions are deterministic and are equal to @, (t)=sincQ(t-kT),
coefficients of the process in this basis @, (t)are random variables ¢, = x(kT,&). Let
the probabilities p, k eZ of the coefficients ¢, loss, are independent each other and

independent of the value ofc, (&) . Let this probabilities are equal to p p, =p, VkeZ.

after transition over IP the voice process is reconstructed. Let the reconstructed process
x'(t,£) is the sum where the lost samples are represented by 0.

Then the mean power and correlation of noise process g(t,&) = x(t,&)—x'(t,&) are
respectively

ol(t)=poi(t) (1)

Ry (t) = p®R, () (2)

In the next theorem we used for the discretization the basis created by the function
limited in the time, where the lost samples were replaced by zero. The theorem below
was proved in [8].

Theorem 2 Let x(t,&) is the stationary, centered, Q -bandlimited stochastic process and

letd, (t) = d(t —kT) is the sequence of the functions and let the function ®(t)=0for

T . .
[t > ER Let the stochastic process can be unique expressed as

Xt8)= T (@)

where the functions @, (t)=®(t-kT) are deterministic, the coefficients of the

decomposition of the process in basis @, (t) are random variablesc, (£).
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Let the probabilites p, keZ of the coefficients c, (&) loss, are independent each

other and independent of the value ofc,(&). Let this probabilities are equal to p
P =p, VkeZ. Let the reconstructed process x'(t,&) is the sum where the lost
coefficients are represented by 0.

Then the mean power of the noise process g(t,&)=x(t,&)-x'(t,£) can be
calculated as

o (t) = po(t)

3. Reconstruction in case of correlated samples loss

The VolIP service is based on the packet switching principle. Then the separate
samples loss is not usual in IP telephony. Mostly parts of speech lasting 20 ms are lost.
The packet have deterministic length but their loss have stochastic occurrence. The good
aproximation of this situation can be obtained by Markov on-off model, known as Gilbert
model, see [10].

Definition 1 Gilbert model Lk($) is a Markov chain with two states 0 and 1.

Lk(£)=0 if coefficient ¢ (&) was transmited
=1 if coefficient ck (&) was not transmited

A matrix of Gilbert model is
5 ( 1—r r J
= 3
q 1-q 3)

Figure 1 shows the graph of the transitions of Gilbert model.

1-xr()
©

Ui-q
Fig. 1 Gilbert model
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Theorem 3 Probability of the loss of the coefficient ¢, (&) in a stable Gilbert model is

px, for VkeZ, where

r
Pl =71 =+ o @

Proof:

The invariant distribution of the Gilbert model is such distribution 7 that:

T=nP
(”01”1)=(7T01”1)P=(7fo,7f1)(1_r r J
q 1-q
By solving
7wy =mo(1-1) + mq
my= mf + m(1-0q)
with condition
Ty + mp= 1
we get
(ﬂo’m):(qu’q:rJ
and then

r
r+g

Pk =71 =

Theorem 4 Probability q,, of the simultaneous loss of coefficients c, (£) and ¢, (&) in
stacionary Gilbert model is

r r
dp = ( +(1=r—q) -9 ] (5)
q+|’ q+r q+r

Proof:

Probability g, of the simultaneous loss of coefficients c,(¢£) and c,,, (&) is
g,, = P{loss of ¢, ,loss of ¢, } =P{loss of ¢, /loss of ¢, } P{loss of ¢, } =

r

= P{loss of c,, /loss of ¢, }
q+r

Probability P{loss of c,., /loss of c,} is the element of the matrix P" (in the 2nd row
and the 2nd column).
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P" =1"A +(k{)" A, (6)

where

(I—zP)’1=L+ Ar
1-z 1-k4z

Left side can be calculated

(I_ZP)_1:(1—Z(1—r) —-Zr j_1:

-zq 1-z(1-q)

_ 1 1-z+0z zr
C(1-2)1-(1-r-q)z) zq 1-z+1z

A
Then after splitting into partial fractions and comparing with 1L + 1 k1
-z -kqz
q r r -r
(I—ZP)_1=L q+r q+r N ;q+r q+r
-z} a9 1-(1-r-q)z| —a g
g+r g+r g+r Qg+r
we get coefficient k; =1-r —q and matrices
q r r -r
Ao g+r qg+r , A, = g+r q+r
q r —q q
g+r q+r g+r q+r

We substitute A, A, and k; =1-r —q into equation (6) and we get n-th power of matrix
P:

q r r —r
pn_|a+r awr| (-1 —q) q+r g+r
q r - q
q+r qg+r q+r g+r
then
= 1-r—q)" -3
P22 = +(1-r-q) aar
and
r no g
= +(1-r-
An q+r(q+r ( a) q+r]
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Next, we will use the proved theorem in the case, when the basis is generated by
function sinc(t). The samples are transmitted in the packets, therefore the sample's

losses are correlated. Losing of one sample means losing of all samples in the same
packet.

Theorem 5 Let x(t,&) is the centered, Q -bandlimited, stochastic process and let its
decomposition into the Shannon basis for T = % teR is

0

_ sSinQ(t—kT) c
X(0)= D xTHZEET = D o).

k=—0 k=—00
It means the basis functions are deterministic @, (t) =sincQ(t —KkT ), coefficients of the
process are random variables ¢, (¢) = x(kT,&). Let the probabilities p, of the samples

c (&) loss, are independent of its values and are described by Gilbert model with

[1—r r]
P:
q 1-q

P{transmission c,,,/transmission ¢, }=1-r
P{loss cy.4/transmission c, }=r
P{transmission c,,,/loss c,}=q

P{oss cy.4/loss c,}=1-q

probabilistic matrix

it means

Let the reconstructed process x'(t,&) is the sum where the lost samples are represented
by 0.

Then the mean power and correlation of the noise process g(t,&) = x(t,&)—x'(t,&)
are respectively

o2(t)=——ol(t) )
q+r
Ry(t) = Zw:anx(nT)sian(t—nT) (8)

where q,, is probability of the current loss of two coefficients with distance equal n

r r
qn:P{Ioss Cy.n /lOSS Ck}:q+r[1nq+r+(1_r_q)nqirj
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Proof:
We put the expression (4) into the formula (1). Then we get

o2(t) = ——o2(1).
q+r

The function Ry (t) satisfies the conditions of the Shannon sampling theorem and it can

sinQ(t —nT)

Q(t-nT) ®)

be expressed in the form Ry (t) = ZRg(nT)

N=—o0

Calculation of coefficients R, (nT)

Rq(nT)=E{g(0.£)9(nT. )} = EfLo(£)co(£)sinc(O)L  (£)c, (§)sinc(nT —nT )=

= EfLo(é)Ln(@)Heo (&) (€)}sinc?(0) = a,R, (nT)
The theorem will be proved after substituing (5) into the last expression.
Theorem 6 Let x(t,&) is the stochastic process and @, (t)= ®(t — kT )is the sequence of
the functions and the function @(t)= 0 for |t| >mT , where m is arbitrary natural number.

Let the stochastic process x(t,£)can be uniquelly expressed as

0

X(t,E)= Y C(E)Py ()

k=—0
where the functions @, (t)= ®(t —kT )are deterministic, and let the coefficients ¢, (¢) of
the decomposition of the process into the basis {ch(t)}create a discrete stationary
stochastic process. Let the probabilities p, of the sampling loss ¢, (£) are independent

of the values of ¢, (£) and are described by Gilbert model with probabilistic matrix

( 1-r1 r j
P=
q 1-9
Let reconstructed process x(t,&) is the sum where lost samples are represented by 0.

Then the mean power of the noise process g(t,&) = x(t,&) — x'(t,£) satisfies the condition:

where

an ' (1” r +(1-r-q)" 9 j

:q+r q-+r qg+r
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Proof:

The noise stochastic process can be written as
9(t,€) = X(1,8) - x'(t,€) = ZL (e (&) )

Mean power can be calculated similarly as in theorem 2, only we use formula (5) instead
of independence of losses.

2
2(t) = Efg?(t,8)| = E [Z k(§>ck<§>q>k(t)] <

k=—w0

x(t +22 zqn Ck(fckm 5)}q) (t)q]km()

=—o0 n=1

s S Y Bl (@ @07 0)+ 0., (1)<
k=—c0 n=1
q+ nz;qn2o-x(t) O'x(t{ +2gqn]_

The n-th power of matrix Pcan be calculated using the eigenvalues and
eigenvectors of matrix P see [15], where we can find the methods for the theoretical
background and practical calculation of those values. For computing we can use
MATLAB [4] or some of the open source software mentioned in [5].

4. Conclusions

In multimedia applications of VolP the quality of speech signal have to be satisfied,
see [2], [12]. The problem how to save a quality of voice signal is discussed in [3], [13].
The quality can be measured by using the estimations for noise signal. One of the
criterions of quality is the signal to noise ratio. This parameter is calculated as

oy (t)

og(t)

SNR =10log——=

We have shown in this article, that the decomposition into non-shannon bases can
bring better results than Shannon decomposition.

In the future we want to compare results proved in this article with results achieved
in case when lost samples are replaced by white noise or by the linear combination of
received samples.

Lektoroval: RNDr. Ludvik Prouza, CSc.
Predlozeno: 13.06.2006
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Resumé

VPLYV KORELOVANYCH STRAT NA KVALITU VolIP

Martin KLIMO, Katarina BACHRATA

Pri prenose reci v sluzbe IP telefénie sa dochadza vplyvom strat paketov k degradacii
kvality reci. V ¢lanku je ukazany dolny odhad odstupu recového signalu od Sumu spdsobeného
stratami paketov v pripade, Ze straty paketov su korelované a Useky reci (typicky samohlasky)
predstavuju cyklostacionarny nahodny proces. Korelované straty paketov popisuje Gilbertov model
a paket prenasa vzorku rozkladu re€i do bazy tvorenej posuvanim generujucej funkcie bazy.
Dosiahnuté vysledky ukazuju na moznost dosiahnutia lepSej kvality oproti prenosu vzoriek
Shannonovej bazy. Clanok poukazuje na potrebu hladania bazy cyklostacionarneho procesu, ktora
by minimalizovala vplyv straty paketov na kvalitu reci v zavislosti na charaktere procesu strat.
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Summary
IMPACT OF CORRELATED SAMPLES LOSS ON VoIP QUALITY

Martin KLIMO, Katarina BACHRATA

Quality of the IP telephony service can be measured as a composition of many parametres.
Some of the parametres of quality of IP telephony service can be measured by secondary
characteristics of difference between received and transmitted signal. The aim of this paper is to
derive estimations for mean power of noise. Using non orthogonal basis the speech signal can be
modeled as a cyclostationary random proces. The case of zero sample stuffing is studied. The
packet loss is modeled as a correlated samples loss. As a mathematical model of this correlation
the Gilbert model is used.

Zusammenfassung

EINFLUSS DER KORRELIERTEN PAKETVERLUSTE AUF DIE QUALITAT DES VolP
DIENSTES

Martin KLIMO, Katarina BACHRATA

Bei der Ubertragung der Sprache (iber die IP Telephonie wird das Prinzip des
Paketschaltens verwendet. Aufgrund der zufdlligen Verspatungen der Pakete wahrend der
Ubertragung Uberschreiten einige Pakete die maximale zuldssige Verzégerung, die bei der
Wiedergabe durch stumme Intervalle ersetzt wird. Die Differenz zwischen dem urspriinglichen und
dem wiedergegebenen Signal wird als Rauschen bezeichnet. Im diesen Artikel wird die Wirkung
der Paketverluste auf die Charakteristika von Rauschsignal des zweiten Orders beschrieben. Der
Schwerpunkt dieser Arbeit wurde auf die Vokalen gelegt, die sich als zyklostationarer zufélliger
Prozess gut approximieren lassen.
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