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Abstrat

The reliable transmission of Federal Standard CELP 1016 enoded speeh over very

noisy ommuniation hannels is investigated. First, the inter-frame and intra-frame re-

dundanies present in the CELP 1016 parameters are quanti�ed via �rst- and seond-order

Markov hains. It is shown that over one-quarter of the CELP bits in every frame of speeh

are redundant. An unequal error protetion (UEP) oding sheme, whih exploits this

residual redundany, is next proposed for the transmission of the CELP parameters over

binary phase-shift keying (BPSK) modulated additive white Gaussian noise (AWGN) and

independent Rayleigh fading hannels. It employs rate-ompatible onvolutional (RCPC)

odes used in onjuntion with maximum a posteriori (MAP) soft-deision sequential de-

oding. Experimental results indiate substantial oding gains over unoded systems and

over onventional systems that utilize equal error protetion and maximum likelihood

(ML) deoding.

Index Terms: CELP, joint soure-hannel oding, unequal error protetion, residual redun-

dany, RCPC odes, soft-deision MAP deoding, AWGN/Rayleigh Fading Channels.
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1 Introdution

The role of the soure ode is to transform the input signal into a more ompat form. Ideally

all of the redundant bits are removed in the soure ompression phase. The hannel ode then

adds a ertain amount of ontrolled redundany to the input signal. This redundany { under

the form of an error-ontrol ode { is used to protet the information against the e�ets of

hannel noise. Traditionally, soure and hannel oding have been treated as separate entities,

resulting in what is known as a tandem soure-hannel oding system. This is justi�ed by

Shannon's Separation Priniple [24℄, whih states that the soure and hannel oding funtions

an be designed independently from eah other without a loss in the optimality of the system.

However, Shannon's �ndings are asymptoti in nature { assuming no onstraints on omplexity

or delay. Reently, systems with jointly designed soure and hannel oding operations have

been shown to outperform tandem systems under pratial limitations suh as �nite blok

lengths (e.g., [1℄-[5℄, [9℄, [10℄, [13℄, [15℄, [21℄, [25℄, [26℄).

In this work, we onsider joint soure-hannel oding methods for the robust ommunia-

tion of Federal Standard CELP 1016 enoded speeh [6, 18℄. More spei�ally, we propose

and implement unequal error protetion (UEP) and soure-optimized hannel oding shemes

for the reliable transmission of all the CELP parameters over very noisy binary phase-shift

keying (BPSK) modulated additive white Gaussian (AWGN) and independent Rayleigh fading

hannels. This work extends previous work in [2℄, where equal error protetion (EEP) oding

shemes using onvolutional and Reed-Solomon odes were presented for the transmission of

the Line Spetral Pair (LSP) parameters of the CELP enoded speeh. These EEP shemes

were used in onjuntion with maximum a posteriori (MAP) soft-deision sequential deod-

ing, thus exploiting the residual redundany inherent in the LSP parameters. Our proposed
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methods, whih exploit the residual redundany within all the CELP parameters (inluding the

LSP's), employ rate-ompatible onvolutional (RCPC) odes used in onjuntion with MAP

soft-deision deoding. Objetive and subjetive tests demonstrate onsiderable performane

improvements over the results in [2℄ and systems that employ EEP and maximum likelihood

(ML) deoding, partiularly for severe hannel onditions.

The paper is organized as follows. In Setion 2, the intra-frame redundany in the CELP 1016

parameters is quanti�ed via �rst-order Markov models. Likewise, the intra-frame and inter-

frame redundanies in the parameters are quanti�ed using seond-order Markov models. In

Setion 3, we present RCPC-based UEP shemes whih employ soure optimized hannel de-

oding via MAP soft-deision detetion. Two overall system models are introdued in Setion 4,

one for the transmission of the Line Spetral Pair parameters, and another for all the CELP

parameters. In Setion 5, quantitative experimental results are presented for both of these

senarios, and listening test results for the overall system. Finally, a summary is stated in

Setion 6.

2 CELP 1016 Residual Redundany

Federal Standard CELP 1016 [6, 18℄ is a frame oriented vooder that samples the input at

8kHz and breaks the orresponding samples into bloks, whih are then proessed. Eah frame,

ontaining 240 samples, is 30ms in duration and produes 144 bits (f Table 1). The CELP

1016 frame is further subdivided into four 7.5ms sub-frames. The overall output rate is 4800

bits per seond.

One frame of CELP 1016 onsists of 10 Line Spetral Pair (LSP) parameters whih model

the signal's short term spetrum. CELP oding also makes use of adaptive and stohasti
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odebooks, whih simulate the human speeh's voied and unvoied exitations, respetively.

The adaptive odebook is represented through four pith delay and four pith gain parameters

per frame (or one per sub-frame). Similarly, the stohasti odebook has four odebook gain

and four index parameters. In addition, there are some Hamming ode bits, a synhronization

bit, and an unused bit. The bit alloations for eah set of parameters are presented in Table 1.

We examine the redundany in the three most signi�ant bits (MSB's) of eah set of CELP

parameters: the LSP's, the pith gains, the pith delays, the (stohasti) odebook gains and

indies. For eah set of parameters, let the random proess, fU

i;j

g, represent the three most sig-

ni�ant bits of the i

th

(quantized) CELP parameter in frame j, and letU

j

= [U

1;j

; U

2;j

; � � � ; U

l;j

℄,

where l denotes the number of parameters per frame

1

. We assume that the proess, fU

j

g

1

j=1

,

is blok stationary.

In [2℄, two Markov models for fU

j

g were introdued to estimate its entropy rate and thus

ompute the residual redundany exhibited by the LSP parameters. We herein employ the

same Markov models for fU

j

g to quantify the amount of residual redundany inherent in eah

of the other set of CELP parameters (in addition to the LSP parameters).

� Model A assumes that the CELP parameters within two di�erent frames are ompletely

independent; it models the intra-frame redundany using a �rst-order Markov proess.

More spei�ally, it assumes that

Pr(U

j

= u

j

jU

j�1

= u

j�1

; :::;U

1

= u

1

) = Pr(U

j

= u

j

); (1)

and

Pr(U

i;j

= u

i;j

jU

i�1;j

= u

i�1;j

; :::; U

1;j

= u

1;j

) = Pr(U

i;j

= u

i;j

jU

i�1;j

= u

i�1;j

) (2)

4

= P

(i)

A

(u

i;j

ju

i�1;j

); (3)

1

For the LSP's, l = 10. For eah of the other sets of CELP parameters, l = 4.
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where i = 1; 2; � � � ; l and j = 1; 2; � � �. Note that for i=1, equation (3) beomes P

(1)

A

(u

1;j

).

� Model B assumes a seond-order Markov proess: U

i;j

is independent of all previous

parameters onditioned on the immediately preeding parameter U

i�1;j

, and the orre-

sponding parameter in the previous frame U

i;j�1

. This models both the interframe and

intra-frame redundanies present in one frame CELP enoded speeh. More preisely, we

have

Pr(U

i;j

= u

i;j

jU

j�1

= u

j�1

; :::;U

1

= u

1

; U

1;j

= u

1;j

; :::; U

i�1;j

= u

i�1;j

)

= Pr(U

i;j

= u

i;j

jU

i�1;j

= u

i�1;j

; U

i;j�1

= u

i;j�1

) (4)

4

= P

(i)

B

(u

i;j

ju

i�1;j

; u

i;j�1

); (5)

where i = 1; 2; � � � ; l and j = 1; 2; � � �. Note that for i=1, (5) beomes P

(1)

B

(u

1;j

ju

1;j�1

).

The assumption that there exist intra-frame and inter-frame redundanies within the CELP

1016 parameters is based on some of the features of the vooder. One signi�ant feature is an

adaptive smoother, whih employs both interpolation of reliable data from neighboring sub-

frames and extrapolation from previous frames. A seond feature is the ordered nature of the

LSP parameters within one CELP frame (LSP1 < LSP2 < ::: LSP10) whih suggests

intraframe dependeny among the LSP's [2℄.

The entropy rate of the proess fU

j

g

1

j=1

is given by

H (U) = lim

n!1

H (U

n

jU

n�1

;U

n�2

; ::;U

1

): (6)

H (U) represents the minimum number of bits per frame required to desribe fU

j

g. Thus, the

total residual redundany (per frame), �

T

, of fU

j

g is [2, 3℄

�

T

4

= log

2

jUj � H (U); (7)
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where jUj is the size

2

of the soure alphabet U . The total redundany, �

T

, an be divided into

two parts { the redundany due to the non-uniformity of the soure and the redundany due

to the soure memory, �

D

and �

M

, respetively:

�

T

= �

D

+ �

M

; (8)

where

�

D

4

= log

2

jUj �H

�

; (9)

�

M

4

= H

�

� H (U); (10)

and H

�

=

P

l

i=1

H(U

i;j

); [2℄.

A large training sequene (83,826 frames) from the TIMIT speeh database [19℄ was applied

to the Federal Standard CELP 1016 vooder. For every frame of speeh, CELP analysis was

performed to arrive at 26 quantized CELP parameters. The relative frequeny of transitions

between the values of 3 MSB's of eah set of parameters were ompiled to ompute its Markov

transition probabilities for both Model A and B. These probabilities were used in equations

(9) and (10) to alulate �

D

and �

M

, respetively. The results for both models are ompiled in

Table 2 and Table 3, respetively

3

. The values of �

D

, �

M

and �

T

are provided for eah CELP

parameter as well as for the entire frame. Note that for the 2

nd

-order Markov model around

12.5 bits of the 30 high-order bits of the LSP parameters are redundant. If we alulate the

total frame redundany, we �nd that for Model A among the 78 high-order bits of the CELP

parameters, 17 bits (or � 22%) of them are redundant. If we add the inter-frame redundany

quanti�ed in Model B, we obtain that 21 bits (or � 27%) are redundant.

2

For the LSP's, jUj = 2

30

. For eah of the other set of CELP parameters, jUj = 2

12

.

3

Note that for the pith delay redundany, the odd sub-frame pith delays and the even sub-frame pith

delays are di�erent in nature. Hene, for both models we assume that the pith delays are independent within

a frame. Thus, Model A for the pith delays onsists only of the redundany due to non-uniformity �

D

, and

Model B onsists of the redundany due to non-uniformity �

D

and the inter-frame redundany �

M

.
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3 Joint Soure Channel Coding

3.1 Unequal Error Protetion

In addition to being redundant, the CELP 1016 quantized parameters ontribute di�erently

to the reonstrution of the speeh [22, 23, 4℄. We therefore propose to employ unequal error

protetion (UEP) in order to allow various levels of protetion for di�erent parameters. Our

UEP system onsists of a family of puntured onvolutional odes [7℄, known as rate ompatible

puntured onvolutional (RCPC) odes [14℄.

Puntured onvolution odes were introdued to ahieve higher rate R = k=n onvolutional

odes from lower rate R = 1=n odes. They an be attained by periodially perforating the

output of low-rate onvolutional odes (or mother odes), through a punturing matrix. More

spei�ally, a rate P=(P + Æ) puntured onvolutional ode an be obtained by periodially

punturing a rate 1=nmother ode with a punturing matrix,A(Æ), and a period P , whereA(Æ)

is an (n x P ) matrix, and Æ 2 [1; (n�1)P ℄ [16℄. For example, using a rate 1=2 mother ode and a

punturing period P = 4, four di�erent ode rates an be attained: R = 4=5; 4=6; 4=7 or 4=8,

where the last rate orresponds to the unpuntured mother ode.

The punturing matries simply ontain 0's, whih speify the puntured (or not trans-

mitted) output bits, and 1's, whih speify the unpuntured bits. A olumn of an (n x P )

punturing matrix, A(Æ), represents the punturing rule of all the n output streams at a given

time (modulo P ).

This is best shown by an example. Consider a rate R = 1=2 mother ode with onstraint

length 3, and generator matrix G(D) = [1 +D

2

; 1 +D +D

2

℄. Let the punturing period be
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P = 2, and the punturing matrix be given by

A(Æ)

2x2

=

�

1 0

1 1

�

: (11)

This punturing rule essentially means that we delete every third output bit. The puntured

trellis of the above ode an be seen in Figure 1. The output bits replaed by the symbol `X'

orrespond to the puntured bits. Thus, the resulting ode is of rate R = 2=3 with an equivalent

generator given by

G(D) =

�

1 +D 1 +D 1

0 D 1 +D

�

: (12)

The non-puntured trellis of a rate 2=3 ode given by (12) is given in Figure 2. It is easily seen

that these two trellises produe the same onvolutional ode. The only di�erene lies in the

fat that the trellis orresponding to the puntured ode is based on that of a rate 1=2 ode,

whih is less omplex. Although, the above example is simple, it is evident that many higher

rate odes an be attained from a single mother ode by using the same low-rate enoder trellis,

and thus limiting the omplexity of the Viterbi deoding algorithm.

Rate-ompatible puntured onvolutional (RCPC) odes are a sub-lass of puntured odes

[14℄. The rate ompatibility restrition simply states that all the ode bits of a high rate

puntured ode must be used by all the orresponding lower rate odes in the same family.

Mathematially, it an be understood as follows. Consider a rate R = 1=n mother ode with

period P , and

A(Æ) =

2

6

4

a

11

(Æ) : : : a

1P

(Æ)

.

.

.

.

.

.

.

.

.

a

n1

(Æ) : : : a

nP

(Æ)

3

7

5

; (13)

where fa

ij

(Æ) 2 f0; 1g j 1 � i � n; 1 � j � Pg, and 1 � Æ � (n � 1)P . Now, the rate

ompatibility restrition simply states that:

If a

ij

(Æ) = 1 then a

ij

(�) = 1 for all � � Æ � 1: (14)
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In other words, the punturing matrix for the lower rate ode, A(�) ontains all the 1's of the

punturing matrix for the higher rate ode, A(Æ). The above ondition guarantees that no loss

of distane (d

free

of the ode) ours between the higher rate ode and the lower rate ode in

a transitional phase [14℄.

RCPC odes an easily be applied to a UEP sheme, by ordering the information by impor-

tane, and applying lower rate odes to the more important bits and higher rate odes to the

less important ones.

Deoding of RCPC odes, as well as regular puntured odes, is based only on the trellis

of the mother ode where the metri orresponding to the puntured bits is replaed by zero.

Hene in Figure 1, the plaes where an `X' ours are set to zero in the alulation of the Viterbi

deoding metri. Thus, a family of RCPC odes, orresponding to a period P , an be deoded

with the same trellis, as long as the di�erent rates (due to di�erent Æ's), the orresponding

punturing matries A(Æ), and the bits they protet are known at the deoder [16℄.

3.2 MAP Soft Deision Deoding

We assume that the CELP parameters are hannel enoded and sent over a memoryless hannel.

At the reeiver, we employ a maximum a-posteriori (MAP) soft-deision deoder that exploits

the CELP residual redundany in ombating hannel noise. This deoder, whih is based on

the Viterbi algorithm, hooses the ode sequene x̂

K

= (x̂

1

; : : : ; x̂

K

) that minimizes

Pr(y

K

j x̂

K

) Pr(x̂

K

); (15)

where y

K

= (y

1

; : : : ;y

K

) is the reeived sequene of length K, whih is the number of CELP

parameters transmitted.

We onsider BPSK-modulated AWGN and fully interleaved Rayleigh Fading hannels with
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noise variane N

0

=2. Thus, the above metri redues to hoosing x̂

K

that minimizes

P

K

k=1

k y

k

� a

k

x̂

k

k

2

� N

0

ln Pr(x̂

K

)

=

P

K

k=1

h

k y

k

� a

k

x̂

k

k

2

� N

0

ln Pr(x̂

k

jx̂

k�1

; x̂

k�2

; :::)

i

(16)

=

P

K

k=1

h

k y

k

� a

k

x̂

k

k

2

� N

0

ln Pr(û

k

jû

k�1

; û

k�2

; :::)

i

; (17)

where a

K

is the sequene of Rayleigh fading oeÆients whih we assume to be available at the

deoder. Realize that for the AWGN hannel, a

k

is the all-one vetor for all k.

In our experiments, Pr(û

K

) is alulated using the Markov models of the previous setion in

onjuntion with a large training sequene from the TIMIT database [19℄. It is also important

to note that the i

th

quantized CELP parameter in frame j, u

i;j

, is equal to u

k

if and only if

k = � � j + i, where � is the total number of transmitted CELP parameters per frame. Note

that in the following setion two systems will be presented: one that will only enode the LSP

parameters (� = 10) and the other will enode and transmit all the CELP parameters (� = 26).

In addition, as Setion 4 will desribe in detail, we will be omparing our UEP system

to both an unoded system and an equal error protetion (EEP) system [2℄ whih utilizes a

32-state rate-3=4 onvolutional ode. This rate EEP system also employs MAP deoding as

desribed by (17). However, sine our RCPC UEP system will be using a mother ode rate

of 1=3, the Viterbi metri must be modi�ed to allow our MAP deoding method to be used

4

.

Again, this is due to the fat that the enoder aepts its inputs one bit at a time, while our

Markov models are based on 3-bit odewords. This modi�ation simply omputes the Viterbi

metri during deoding every three trellis steps instead of every one step as is usually the ase

for a rate 1=3 onvolutional enoder. Thus for the RCPC UEP sheme, the deoding metri

4

The result of this modi�ation is a slight inrease in the UEP deoder omplexity, whih has an equivalent

deoding omplexity as the EEP sheme [20℄.
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beomes

K

X

k=1

3

X

l=1

h

k y

k;l

� a

k;l

x̂

k;l

k

2

i

� N

0

ln Pr(û

k

jû

k�1

; û

k�2

; :::); (18)

where y

k;l

; a

k;l

and x̂

k;l

are the l

th

bits of the k

th

reeived odeword, the k

th

Rayleigh fading

oeÆient and the k

th

estimated odeword, respetively.

As in [2℄, we use one hard deision and two soft-deision deoding shemes based on the

above modi�ed Viterbi metri:

� ML: Maximum likelihood

5

deoding whih hooses the ode sequene fx̂

k;l

g where 1 �

l � 3 that minimizes

K

X

k=1

3

X

l=1

k y

k;l

� a

k;l

x̂

k;l

k

2

: (19)

� MAP1: Maximum a posteriori deoding exploiting the residual redundany in Model A,

by hoosing fx̂

k;l

g to minimize

K

X

k=1

3

X

l=1

(k y

k;l

� a

k;l

x̂

k;l

k

2

) � N

0

ln P

([k mod �℄)

A

(u

k

ju

k�1

); (20)

where [k mod �℄ refers to the unique integer between 1 and �.

� MAP2: Maximum a posteriori deoding sheme that exploits the residual redundany

in Model B, by hoosing fx̂

k;l

g to minimize

K

X

k=1

3

X

l=1

(k y

k;l

� a

k;l

x̂

k;l

k

2

) � N

0

ln P

([k mod �℄)

B

(u

k

ju

k�1

; u

k��

): (21)

5

Note that ML deoding does not exploit any soure redundany; so we ould have used the regular Viterbi

metri for deoding. However, by using the modi�ed Viterbi metri both our EEP and UEP systems will have

the same deoding omplexity/delay.
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4 Overall System Model

The diagram of the overall system proposed for UEP hannel oding of the CELP parameters

is shown in Figure 3. The �rst step is the CELP enoder whih inputs a speeh signal and

outputs the CELP parameters: 10 LSP's, 4 pith gains, 4 pith delays, 4 odebook gains and

4 odebook indies.

The next step onsists of the hannel enoder. We onsider three di�erent oding systems:

unoded, equal error protetion (EEP) using a 32-state rate 3/4 onvolutional ode [17℄, and a

32-state base rate 1/3 RCPC ode with period p = 8 [16, 20℄. We apply our oding systems to

two di�erent senarios.

� Senario 1 assumes that only the LSP parameters are a�eted by hannel noise, and hene

oding is only applied to the 10 LSP parameters of eah frame.

� Senario 2 assumes that all the parameters (exluding the Hamming and synhronization

bits) in a CELP frame are a�eted by noise; thus oding is applied to the entire frame.

The next blok in Figure 3 is the BPSK modulation, followed by the hannel transmission. In

the simulations, two hannels are used - the AWGN and the fully interleaved Rayleigh hannel,

where it is assumed that hannel state information (CSI) is available at the deoding phase.

Next, ML or MAP soft-deision deoding is performed based on Models A and B, respe-

tively. The modi�ed Viterbi algorithm of (18) is used to deode the UEP systems, while the

metri of (17) is used for the EEP system. The �nal step is the synthesis of the speeh from

the deoded parameters.
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4.1 Transmission of the LSP Parameters

Four of the ten LSP parameters per frame are 4 bits in length. To be onsistent with our

previous Markov models (based on the 3 MSB's), only 30 of the 34 LSP bits per CELP frame

are onvolutionally oded. More spei�ally, the 4th bits are sent unoded and hard deision

deoded for all transmission shemes.

Through objetive and subjetive testing, it was found in [22℄ that the lower LSP's in a

CELP 1016 frame are more important to speeh reonstrution than the higher ones. The

UEP enoder we use is based on a RCPC oded developed in [14℄, with a rate 1=3, 32-state

mother ode. Various levels of protetion are be applied to the di�erent LSP parameters as

shown in Table 4. Note that the last LSP parameter is sent unoded. However, this parameter

was modeled for its residual redundany. Thus, the MAP soft-deision algorithm an still be

applied in the deoding phase. Also, sine the LSP parameters exhibit an ordering property,

they undergo re-ordering after they are deoded.

4.2 Transmission of all the CELP Parameters

In our EEP and UEP shemes for the transmission of all the CELP parameters, only 78 bits

per CELP frame are onvolutionally enoded:

� the 3 MSB's of all the 10 LSP parameters,

� the 6 MSB's of all the 4 pith delay parameters,

� the 3 MSB's of all the 4 odebook gain parameters,

� and the 3 MSB's of all the 4 pith gain parameters.
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Remark that the 2

nd

three MSB's of the pith delays are oded, beause of their important

role in speeh exitation, but they have not been modeled for their redundany. Thus, we

will deode them using the traditional Viterbi deoding algorithm. The remaining 60 bits

are sent unoded and hard deision deoded for all transmission shemes. We assume that

the 4 Hamming orretion bits, the synhronization bit, and the future expansion bit are sent

unorrupted, sine they play no signi�ant role in CELP speeh reonstrution.

The same RCPC family of odes are used, and the various oding rates are desribed in

Table 5. They are hosen based on the CELP parameters sensitivity study in [22℄. Note that

the 3 MSB's of the pith gain parameters are sent unoded but an still be MAP deoded sine

they were modeled for their redundany.

5 Experimental Results

A large training sequene (� 42 minutes) of speeh was used from the TIMIT database [19℄

to estimate the prior CELP distributions needed for the MAP deoder. The testing sequene

onsisted of a 4753-frame (2.2 minutes) TIMIT speeh sequene, half uttered by females and

half uttered by males, with no speaker appearing in both the training and testing sequene.

All the simulations were performed using a pratial deoding delay of one frame in length (30

ms). The performane riteria used are:

� The average speeh distortion measure, whih is an average of seven di�erent speeh

distortion measures of two di�erent types - epstral and osh measures [12℄. For a detailed

desription of eah distortion measure refer to [20℄[Appendix A℄ and [12℄. This distortion

measure is averaged over all subframes where those subframes with either zero signal or

noise energy are exluded. Note that the minimum possible average speeh distortion

14



possible (when the hannel is noiseless) is 4.79 dB.

� The symbol error rate, P

s

, whih is the perentage of parameters in error.

� Subjetive listening tests that make pairwise omparisons between the di�erent oding

shemes.

The various oding systems used all have di�erent overall rates. To failitate omparisons of

the results for the di�erent systems the following equation was used.

E

b

N

0

=

1

R

E

s

N

0

; (22)

where, E

b

refers to the energy per information bit, E

s

is the energy per symbol, and R is the

overall ode rate.

5.1 Simulation Results for Transmission of LSP Parameters

In [2℄, the redundany in the LSP parameters was quanti�ed and exploited through soft-deision

MAP deoding. We herein further improve the performane of the system by using our RCPC-

based UEP oding sheme with MAP deoding. Note that our UEP sheme has a rate of

34

66

,

while the EEP sheme of [2℄ has a rate of

34

44

. Thus, for omparing the two shemes we use

equation (22) and provide the performane for di�erent values of E

b

=N

0

.

The performane in terms of average speeh distortion and symbol error rate of the EEP and

UEP systems with ML/MAP deoding over AWGN and Rayleigh fading hannels are shown in

Figures 4 to 7. The results for an unoded system are also presented for referene. It an be

learly remarked from all the �gures that the UEP-MAP2 sheme { whih exploits both intra-

frame and inter-frame LSP redundanies { substantially outperforms all the other shemes; it

also o�ers a very graeful degradation as the hannel onditions deteriorate. In partiular, at
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an average speeh distortion of 6.0 dB over the AWGN hannel, UEP-MAP2 ahieves a gain

of 1.05 dB over EEP-MAP2. Over the Rayleigh hannel, the gain is 1.88 dB. Furthermore,

for the same speeh distortion, EEP-MAP2 performs better than EEP-ML by 3.27 dB over

the AWGN hannel and by 5.64 dB over the Rayleigh hannel. This results in an overall gain

for UEP-MAP2 versus EEP-ML of 4.32 dB over the AWGN hannel and of 7.52 dB over the

Rayleigh hannel.

Additional results using the spetral distortion riterion [2℄ are obtained in [20℄, and similar

improvements are observed. Furthermore, the performane of other EEP and UEP shemes

with various ode rates is evaluated in [20℄. For these systems, at an average speeh distortion

of 6.0 dB, the gains due to UEP-MAP2 over EEP-MAP2 range from 0.3 dB to 1.33 dB over

the AWGN hannel, and from 0.5 dB to 2.37 dB over the Rayleigh hannel. The gains of

UEP-MAP2 over UEP-ML, at the same speeh distortion, vary from 2.32 dB to 3.07 dB over

the AWGN hannel, and from 2.61 dB to 4.37 dB over the Rayleigh hannel.

5.2 Simulation Results for Transmission of all the CELP Parameters

Using the residual redundany present in all the CELP parameters, soft-deision MAP deoding

is now applied to the entire frame of CELP parameters. In addition, the gains ahieved when

unequally proteting di�erent CELP parameters using RCPC odes is examined.

As desribed in Setion 4.2, the UEP sheme for the overall system produes rate of

138

252

,

while the EEP sheme of [2℄ has a rate of

138

162

. One again, equation (22) is used to ompare

the performane of the two shemes. The performane of the two shemes with ML/MAP

deoding, as well as that of the unoded sheme are shown in Figures 8 and 9 for various values

of E

b

=N

0

. As in the ase of the LSP transmission, it an be learly observed from the �gures

that the UEP-MAP2 sheme provides the best performane. At an average speeh distortion of
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6.0 dB, the gains for UEP-MAP2 versus EEP-MAP2 are 1.42 dB and 2.55 dB over the AWGN

and Rayleigh hannels, respetively. This is 0.37 dB and 0.93 dB larger than the results for

the same systems proteting only the LSP's. Furthermore, the gains for EEP-MAP2 versus

EEP-ML are 1.82 dB and 2.47 dB over the AWGN and Rayleigh hannels, respetively. This

results in an overall gain for UEP-MAP2 versus EEP-ML of 3.24 dB over the AWGN hannel

and of 5.02 dB over the Rayleigh hannel.

Finally, it an be observed that for low to medium values of E

b

=N

0

, the UEP-MAP2 sheme

provide signi�ant gains over the EEP-MAP2 sheme. However, at high values of E

b

=N

0

, the

EEP-MAP2 sheme provides a better performane (due to the asymptoti oding gain obtained

by hannel oding all the parameters). This suggests that when the system is operating at low

to medium hannel signal-to-noise ratios (SNR), it is reommended to use the UEP-MAP2

sheme; then as the hannel onditions improve, the system an swith to the EEP-MAP2

sheme. This results in an overall adaptive and robust system whih an estimates the hannel

error onditions and selet aordingly an appropriate error protetion sheme (UEP at low

SNR's and EEP at high SNR's).

5.3 Listening Tests

We performed listening tests that made pairwise omparisons between the EEP and UEP

shemes for the transmission of all the CELP parameters over the Rayleigh fading hannel

using MAP2 deoding. The tests were obtained for two di�erent E

b

=N

0

's. Four di�erent speeh

segments and �fty listeners { 25 male and 25 female { were tested. Before being tested the

unorrupted CELP enoded speeh segments were played for eah listener to \anhor" their

perspetive. Then a pair of di�erent system outputs at the same E

b

=N

0

was played, and

the listener was asked to hoose whih one sounded better, without being told whih system
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orresponded to whih segment. If they failed to notie a signi�ant di�erene, they were given

the option to hoose neither. Two pairwise omparisons were made at eah E

b

=N

0

by eah

listener. The results of the tests are shown in Table 6. We draw the following observations.

� At low SNR, E

b

=N

0

= �2 dB, the UEP sheme performs signi�antly better than the

EEP sheme, with 96% seleting UEP over EEP for the �rst speeh segment and 84% for

the seond. No listeners hose EEP as the better system at this low SNR.

� When the SNR was inreased to E

b

=N

0

= 1 dB, the results showed that the UEP system

one again outperformed the EEP sheme but not as signi�antly as at the lower SNR.

This time 70% and 90% of the listeners for speeh segments 3 and 4, respetively, seleted

the UEP system over the EEP system. However for speeh segment 3, 14% of the listeners

preferred the EEP sheme over the UEP sheme.

All the systems use MAP2 deoding; thus these tests evaluate the e�et of unequal error

protetion on the quality of speeh reonstrution. The results showed that the UEP system

learly performed better than the EEP system of [2℄. For a demonstration of the listening

results, refer the following internet site: http://markov.mast.queensu.a/�nazera/.

6 Summary

We investigated the problem of the reliable transmission of CELP 1016 speeh parameters

over very noisy BPSK-modulated AWGN and Rayleigh fading hannels. Two di�erent Markov

models were proposed to generate the CELP parameters and to quantify the amount of residual

redundany they exhibit both within a frame and between frames. It was shown that over

one-quarter of CELP bits in every frame of speeh were redundant. We next proposed and

implemented a joint soure-hannel oding sheme that employs: (i) UEP via a family of RCPC
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odes to provide additional protetion for the important CELP parameters; and (ii) MAP soft-

deision detetion that utilizes the CELP residual redundany in ombating hannel noise. The

system was �rst applied to the transmission of the LSP parameters, and then applied for the

transmission of all the CELP parameters. Experimental results also showed that the proposed

UEP-MAP sheme is signi�antly robust partiularly during severe hannel onditions; it also

o�ers onsiderable performane improvements over traditional EEP systems and systems that

employ ML deoding.

This study ould also be extended to other similar low-bit rate vooders [8℄. It would be

interesting to see how the protetion shemes explored in this paper would apply to these newer

vooders. Finally, we should point out that other methods of unequal error protetion exist,

suh as the appliation of di�erent levels of protetion through transmission energy alloation

[1, 11℄. In this method di�erent energy levels are alloated relative to the importane of the

spei� parameter in the frame. This method an be applied to our system in onjuntion with

our proposed MAP RCPC-based shemes.
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Spetrum Adaptive Stohasti

Update 30 ms 30=4 = 7:5 ms 30=4 = 7:5 ms

Every (240 samples) (60 samples) (60 samples)

Bits per 34 LSP bits index: 8 + 6 + 8 + 6 index: 9� 4

Frame [3444433333℄ gain: 5� 4 gain: 5� 4

Note: The remaining 6 bits are used as follows: 1 bit per frame

for synhronization, 4 bits per frame for forward error

orretion and 1 bit per frame for future expansions.

Table 1: Bit Alloation in a FS CELP 1016 Enoded Frame of Speeh.

CELP Redundany

Parameter �

D

�

M

�

T

LSP 5.2747 4.5927 9.8674

Codebook Gain 4.0478 1.024 5.0718

Pith Gain 0.1832 1.1335 1.3167

Pith Delay 0.7064 0.0000 0.7064

Codebook Index 0.0323 0.0181 0.0504

Total Frame 10.2444 6.7683 17.0127

Table 2: CELP 1016 Redundany (in Bits/Frame) using Model A.

CELP Redundany

Parameter �

D

�

M

�

T

LSP 5.2747 7.2105 12.4852

Codebook Gain 4.0478 1.2544 5.3022

Pith Gain 0.1832 1.4910 1.6742

Pith Delay 0.7064 0.8266 1.5330

Codebook Index 0.0323 0.0321 0.0644

Total Frame 10.2444 10.8146 21.0590

Table 3: CELP 1016 Redundany (in Bits/Frame) using Model B.
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Figure 1: Trellis for Rate R = 1=2, Constraint Length 3, Period P = 2 Puntured Convolutional

Code.
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LSP Code Rate

1 8/20

2-5 8/18

6-9 8/16

10 Unoded

Table 4: LSP Unequal Error Protetion Sheme Using Mother Rate-1/3 Family of RCPC Codes.

Parameter Code Rate

LSP 1-10 8/24

Pith Delay 1 & 3 8/22

Pith Delay 2 & 4 8/20

Codebook Gain 1-4 8/18

Pith Gain 1-4 Unoded

Table 5: Overall CELP UEP Sheme Using Mother Rate-1/3 Family of RCPC Codes.

E

b

=N

0

= �2 dB Speeh Segment 1 UEP: 96 % EEP: 0% Neither: 4%

E

b

=N

0

= �2 dB Speeh Segment 2 UEP: 84 % EEP: 0% Neither: 16%

E

b

=N

0

= 1 dB Speeh Segment 3 UEP: 70% EEP: 14% Neither: 16%

E

b

=N

0

= 1 dB Speeh Segment 4 UEP: 90% EEP: 0% Neither: 10%

Table 6: Listening Test Results for UEP vs EEP over the Rayleigh Fading Channel using MAP2

Deoding.
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Figure 5: Symbol Error Rates for Di�erent Coding Shemes of the LSP Parameters over the

AWGN Channel.
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Figure 6: Average Speeh Distortion for Di�erent Coding Shemes of the LSP Parameters over

the Rayleigh Fading Channel.
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Figure 7: Symbol Error Rates for Di�erent Coding Shemes of the LSP Parameters over the

Rayleigh Fading Channel.
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over the AWGN Channel.
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over the Rayleigh Fading Channel.
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