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1. Introduction
For the speech transmission, IP telephony service uses the packet commutation
principles [6], [7]. This means that after being sampled the speech is segmented into

blocks (most frequently parts of speech lasting 50 ms). The blocks create an information
part of packets delivered to a receiver address.

During the transmission over IP network, packets get delayed, or lost. Variable
delays are eliminated in the jitter buffer (of an IP telephone) [8]. However,

at the moment when the packet samples are to be played the packet may not be
delivered in the terminal device. Such an extreme packet delay causes the packet loss
again, and the packets delivered later have to be destroyed.

Some preservation mechanisms have been developed to protect the speech
quality from being lowered by potential packets losses. The mechanisms include for
example reconstructing lost samples from the previous ones, self-correction codes, or a
jitter buffer control. So far, no theory of packet loss influence on speech quality has been
elaborated. The first work in this area can be seen in [3].

This article presents the results achieved by modeling some parts of speech
(vowels) as a cyclostationary process.
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2. Preliminaries

Theory of cyclostationary processes can be found in [2], [4]. We give some
definitions and properties to better understanding of this notion.

Definition 1.1 A correlation R(t,t,) of the process x(t,&) is the mean value of the

product
R (t1,t2) = R(ty,t5) = E{x(t;, &)x(t2, &)}
Definition 1.2 A stochastic process x(t,£) is called stationary(wide-sense stationary,

WSS), if the mean of this process is constant and its correlation depends only on
T = t»] —t2

E{x(t.5)}=»  and E{x(t+7,5)x(t, &)} =R(r)
Theorem 1.1 Let the function R(z)is correlation of some stochastic process x(t,&) then:

|R(z)|< R(0)

Definition 1.3 A stochastic process x(t,&) is called mean square periodic with period T if
only if
E{x(t+T,6)-x(t,£)[*}=0
forallteR.
Definition 1.4 The Correlation R(t4,t,) is called doubly periodic if only if
R(ty + mT,t, +nT)=R(ty,t,) forall t;, t, eR.
Theorem 1.2 Stochastic process x(t,&) is called mean square periodic with period T if
only if its correlation R(z) is doubly periodic.
Definition 1.5 A stochastic process x(t,&) is called cyclostationary process if only if
E{x(t+T,&)} = E{x(t,&)} and R(ty + mT,t, + mT)=R(ty,t,) forall me Z.

Theorem 1.3 If the stochastic process x(t,£) is stationary, then the process x(t,£) is
cyclostationary.
Theorem 1.4 If the stochastic process x(t,&) is mean square periodic, then the process

x(t,&) is cyclostationary.

Theorem 1.5 If the stochastic process x(t,&) is cyclostationary and 6 is the random

variable uniform in the interval (0,T) and independent of x(t,£) for all t e R. Then the
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process Xx(t,&)=x(t —0,&) obtained by a random shift of the origin is stationary process

with mean 7 and correlation R(z):

;
(I)??(S)ds (1)

Theorem 1.6 Let x(t,£) is a stochastic process

x(t,&)= 3 coh(t—nT) (3)

N=—o0
with deterministic h(t), its Fourier transform H(w)and stationary sequence of random
variables ¢,,. The mean of the sequence ¢, is E{c,} =m; and its correlation is

R:[m]=E{c,,mCn}. Then the process x(t,&) is cyclostationary process.

3.Reconstruction of the stochastic signal in the case of independent samples loss

First we use the model applying the Shanon decomposition. Shanon sampling
theorem can be found for instance in [1], [5]. The following proposition shows how the
original signal changes in case the transmission has been realized as a decomposition
into Shanon base and lost values have been replaced by 0.

Definition 2.1 Let x(t,£) is the centered stochastic process. The value of R(t;,t,) on
t=t; =ty

ox(t)=R(tt) = E{x*(t,¢)}
is called the average power of the process x(t,£).

Theorem 2.1 Let x(t,£) is the stationary, centered, o -bandlimited stochastic process

and let its representation in Shanon basis in case T :%, teR is
® sinQ(t-kT) =
X(t,&) = X(KT,&)——————= = c D, (t
(6= X x(KT.OHZE P = % al)ee()

therefore the basis functions are deterministic and are equal @, (t)=sincQ(t —kT), the
coefficients of the process in the basis @, (t)are random variables ¢, = x(kT,&). Let the

probabilites p, keZ of the coefficients ¢, loss, are independent each other and

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

c2(t)=po(t) (4)
Rg(t) = PR, (t) (5)
Proof:

Let L, (&) is arandom variable such, that

L. (&)=0 if coefficient cy (&) was transmit
=1 if coefficient C (&) was not transmit
Then
P{Lk(§)=0=1-p,=1-p PiLc(§)=T=pc =p
and

E{Lg}=0(1-p)+1p=p

Reconstructed process is

X(t8)= 3 (L)o@ o)

The stochastic process described noise (error of transmission) is the process
g(t.&) =x(t,£)-x'(t,&) = k; Lk (&) (S) Dy (1)
The mean power of the noise will be calculated as

o3 () =Ef@* (L&) =El X LO)ew@ @)} = Ef T Lu(@)e’(§) @1} =

= 3 ERA@ @) 0%t = T ELEIE(CH (O 0% (t) =

=p 2 E{cH (O} 0% (1) = PE{ X ¢’ (§) OV} = pori(t)
In the calculation above, we have used the facts below:

The system of the functions {®, (t) = sinc Q(t — kT )} is orthogonal,
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the random variables L, (¢) and ¢, (&) are independent and

E{L(£)} =0%(1-p)+1p =p

Next we will calculate the correlation of the process g(t,<&)

We will use the fact, that if process x(t,£) is bandlimited, then the processes

x'(t,&) and g¢(t,£) are bandlimited too. The process g(t,&) is called bandlimited, if and

only if for its spectral density is Sy(@)=0 for |w[>Q. The correlation R,(t) of the

process d(t,&) is the inverse Fourier transform of the function S ().

Therefore, the function R (t) satisfies the conditions of the Shanon sampling

theorem and it can be expressed in the form
sinQ(t-nT) =2

> Ry (nT,&)sincQ(t —nT)

Rol= 2 RolT =0 Ty =,

The coefficients Ry (nT) are

Ry (nT) =E{g(0,5)g(nT,&)} =

=E{k=§ Ly (£) cy (£)sinc (0 —kT)

E{Ly(&)co(&)sinc 0 —-0T)L, (£)c,(E)sine(nT —nT )} =

E{Lo(£)Ln(E)E{co(S) Cn (&)} sinc? (20) = p*R, (nT)
We have used
the orthonormality of the Shanon basis
sincQ(t —kT)=1 for t=KkT kez
=0 for t=nT neZn=zk
sinc? (Q0) =12
the independence of the loss of the different samples L, (&) and L,,(¢)
E{Lo(£)Ln ()} = E{Lo(E}E{L, (£)} = p?
the stationarity of the sequence ¢, (&)
E{co(&)cn(S)} =Ry (nT)

After substituting the coefficients into the equation (6) we get
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Ry(t)= 3 p2R,(nT)sincQ(t —nT) = p2R,(t)

Nn=—o0
Theorem 2.2 Let x(t,£) is the stationary, centered, o -bandlimited stochastic process
and let®, (t) = ®(t —kT) is the sequence of the functions and let the function ®(t)= 0 for

T . .
[t]> 7 Let the stochastic process can be unique expressed as

X(t)= ¥ e(£)Py(t)
where the functions @, (t)=®(t-kT) are deterministic, the coefficients of the
decomposition of the process in basis @, (t) are random variables ¢, (¢).

Let the probabilities p, keZ of the coefficients ¢, () loss, are independent each

other and independent of the value of ¢, (&). Let this probabilities are equal to p
pr =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

og(t) = pok(t)

Proof:

similarly as in the theorem 2.1. can be shown that the noise process is
g(t,&) = x(t,5) - x'(t,8) = k_Z Lk (&) ck (S) @y (1)

where random variable L, (£) denotes

L.(£)=0 if coefficient c (&) was transmit
=1 if coefficient c (&) was not transmit

The mean power of the noise process is

o5 () =E{g* (L} =E(( T L()en() @)} =EL T L@ e ()0’ 1) =
= S ELEOIEI 0= T ELEENE e ()10 (1) =
=p 2 E{e @00 =pE{ 3 ()10’ 1) = pot()

Martin Klimo, Katarina Bachrata:
-182 - Noise in the independent packet loss of the speech signal .....



We have used (like in the theorem 2.1)
D, (t)D,(t)=0 for vVteR, k=l kleZ

and random variables L, (£) and ¢, (&) are independent and the mean

EL (O} =0%(1-p)+Pp=p (7)
Theorem 2.3 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 the arbitrary natural
number. Let the stochastic process can be unique expressed as

S (E)D, (t)

x(t,5) =

k=—c0
where the functions @, (t) = ®(t — kT ) are deterministic, and let the coefficients ¢, (¢) of
the decomposition of the process into the basis @, (t) create a discrete stationary
stochastic process. Let the probabilities p, of the loss of the coefficients ¢, (&) are
independent each other, they all are independent of the value of ¢, (£) and are equal
pr =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,£) satisfies the
condition:

o3 (t) < pog(t)(1+2mp)

Proof:

The noise process is expressed by
9(t.8) = X(1.6) X (1) = T L()en() D)
The mean power of the noise is calculated as
o5 () =E{g* (L} =E{( T Li(©)e(£) @y (1)) =

E{S % Li(é)luin(€)€e(€) Crin(€) Dy (1)D oo (1)} =

k=-0 n=-m

SELEENEEAEN 0012 3 SEL(EnENE(E(E) () P(t)D,n (1) =

=PE( 3 e 2@ 0l 0}+20° 3 SE(€c(6) G (€D (D) <

=—o n=1
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<pof(1)+p? SE(e(&) ern(@h S (@FD)+ Dy’ (1)<

<pof)+mp® SE(AEIEM 10’ S SE(e ()0 (1)
= pof () +mp?o(t)+p? T o2(1)= poF(1)(1+2mp)
The theorem is proved. In calculating we have used:
For k,neZ and teR such,that -m<n<m, -mT <t<mT is:
E{Lk(S)lkin(8) ek (S) Cuin(E)} = E{Li (S)lin (ENE{Ck (£) Cxin(S)}

because L, (¢) and ¢, (&) are independent.

The mean E{Lkz(f)} has been calculated in (7).
The relation
EfLi ()ian ()} = ELy (ENE{Licun ()} = P2
follows from the independence of L, (¢) and L., (¢).
Immediately:
Dy (D) Pyin (1) = Dyen (1)D (T)

According assumption of the theorem the process ¢, (&) is stationary, then
E{ck(S) Ck:n (@)} =E{cykn(S) e (S)} E{ck(£) Cin ()} <E{c,*(£)}
E{cy(€) Crun (€N SE{Cin ()}

The relation (®, (t) - ®,,,(t)) = 0 is true for all real t, then

D2 (1) + Dy (1) 2 20, ()P, ()

The vowels in human speech can be well modeling as a cyclostationary processes.

According the theorem 1.6 we can see that the stochastic processes decomposed into
shift basis, like in the theorems 2.1, 2.2 and 2.3, are cyclostationary processes, therefore
those decompositions can be used for modeling of the transmission speech over internet.
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Martin Klimo, Katarina Bachrata:
-184 - Noise in the independent packet loss of the speech signal .....



References

1. W.CHEN, W., ITOH, S., Shiki, J. On sampling in shift invariant spaces, IEEE Trans.
Information Theory, vol. 48, no. 10, pp. 2802-2810, 2002.

2. GARDNER, W. A., FRANKS, L. E. Characterization of Cyclostationary Random Signal
Processes, IEEE Trans. on Information Theory, vol. 21, no. 1, pp. 4-14, 1975.

3. KLIMO, M. Cell Loss Noise in the Case of Linear Reconstruction, ICT'98, Porto Carras,
Greece, 21-25 June, 1998

4. PAPOULIS, A. Probability, Random Variables, and Stochastic Processes, Polytechnic
Institute of New York, McGraw-Hill, Inc., New York Toronto London, 1991

5. UNSER, M. Sampling - 50 year after Shannon, Proc. of IEEE, vol. 42, no. 11, pp. 2915-
2925, 1995.

6. JAKAB, F., BARBUS, R. The Implementation of IP Telephony in Slovak Academic
Network, International Workshop CEE '04, 2nd Challenges in Collaborative Engineering
Workshop Tatranska Lomnica, 19 - 21 April 2004, Slovak Academy of Science,

7. SEGEC, P., KOVACIKOVA, T.: IP telephony for interactive communication in e-learning,
the 2nd International Conference on Emerging Telecommunication Technologies and
Applications - ICETA 2003, KoSice, Slovakia, september 2003

8. SMIESKO, J. Exponenciavl model of tocken bucket system, Communications, Scientific
letters of the University of Zilina, 4/2003

Resumé

SUM VZNIKAJUCI PRI NEZAVISLOM STRACANi PAKETOV RECI MODELOVANEJ
CYKLOSTACIONARNYM NAHODENYM PROCESOM

Martin KLIMO, Katarina BACHRATA

Pri prenose rec€i v sluzbe IP telefonie sa pre prenos reci vyuziva princip prepajania paketov.
Z dévodu nahodného meSkania paketov pfi prenose sietou, niektoré pakety prekrocia povolenu
hranicu meskania a su pfi prehravani nahradené tichom. Rozdiel medzi pévodnym a prehravanym
signalom sa oznacuje jako Sum. V ¢lanku popisujeme ako strata vzoriek reCového signalu zmeni
charakteristiky druhého radu Sumového signalu. Zamerali sme sa na samohlasky, ktoré sa daju
dobre aproximovat ako cyklostacionarny nahodny proces.

Summary

NOISE IN THE INDEPENDENT PACKET LOST OF SPEECH SIGNAL MODELED BY
CYCLOSTATIONARY STOCHASTIC PROCESS

Martin KLIMO, Katarina BACHRATA

For the speech transmission, IP telephony service uses the packet commutation principle.
Some of the samples of speech signal can be lost. The aim of the article is to describe the noise
signal by the second order characteristic of the noise as a stochastic process. We choose the
vowels which can be well approximated as a cyclostationary stochastic process.
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Zusammenfassung

DAS GERAUSCH ENTSTEHEND BEI DEM UNABHANGIGEN PAKETVERLUST BEI SPRACHE
MODELLIERTE DURCH ZYKLOSTATIONAREN ZUFALLIGEN PROZESS

Martin KLIMO, Katarina BACHRATA

Das kommt oft in Frage, dass bei IP Telephoniedienste infolge der Verzdgerung des Pakets
mit den Sprachabtasten einige Abtaste der Sprachsignal verloren wurden. Im Artikel beschreiben
wir, wie diese Sprachabtastverlust die Charakteristika des zweiten Rangs des Gerauschsignal
wechseln. Der Fokalpunkt steht an die Vokalen, die kann man gut wie zyklostationaren zufalligen

Prozess approximieren.
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