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Abstract: A new iterative source-channel decoding
technique is proposed, which approximates optimal joint
source-channel decoding for the charnel-encoded quan-
tizer indices of various source signals, that are transmit-
ted in parallel. The algorithm is realized by two types
of soft-in/soft-out decoders, which alternately utilize the
channel-code and the source-code redundancies to com-
pute and interchange extrinsic information on the data-
bits within several iterations. After the last iteration the
output signals of the receiver are computed by mean-
square estimators, which exploit the approximately deter-
mined a-posteriori probabilities of the quantizer indices.
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1. INTRODUCTION

Figure 1 shows the model of a transmission system
that is used throughout the paper. The signal-vectors
X},.., XM are wansmitted at each time k. The vec-
tors, which can be thought of as M independent source-
signals, but also as the parameters of a speech, audio, or
image-codec, are quantized (source-encoded) by the in-
dices I] by N7 bits, j = 1,...,M. The index-bits are
interleaved, commonly channel-encoded, and the code-
words Vi = {u; € {0, 1}, 1 =1, ...,Nv}, Ny >
N =YY N7, are transmitted over an AWGN-channel.
Coherently detected binary phase-shift keying is assumed

Xi
source- Xf
channel >

decoding | M
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Figure 1: Model of the transmission system

for the modulation. The conditional p.d.f. of the received
value 7 ; € R at the channel output, given that the code
bit v, € {0, 1} has been transmitted, is given by

1

= 2
e_{;,’{(”l-k"v;,k)

Y 1
v 2mo, vp =1—2w,% > )

pe(Brlone) =

with the variance o7 = 71-. E, is the energy that is used
to transmit each channel-code bit and Ny is the one-sided

power spectral density of the channel noise. The joint
conditional p.d.f. p.(Vi|Vi) of the vector Vi € RNV to
be received, given that the codeword Vi, € {0,1}"V has
been transmitted equals the product of (1) over all Ny
code-bits since the channel noise is “white” and normally
distributed. )

If the signals X} are autocorrelated, adjacent indices
I} _,, I show dependencies. They are modeled by first-
order stationary Markov-processes, which are described
by the index-transition probabilities Pgx—; (M [p?) =
P(I] = N|I_, = p¥), with M, p =0,...,2N" —1 and
j=1,..., M. Itis assumed that these probabilities and the
distributions of the indices are known. The indices are
assumed to be mutually independent. This simplifies the
analysis and the realization of source-channel decoding,
and it is at least approximately fulfilled in many practi-
cally relevant situations.

In the terminology of turbo-codes the coding scheme
is serially concatenated since the redundancies of the
indices, i.e. the time-based dependencies and the non-
uniform probability distributions, form the “outer” codes,
which are entirely encoded by the “inner” channel code.

2. OPTIMAL DECODING

For the system model stated above, the goal is to min-
imize the distortion of the decoder output signals X7 due
to the channel noise, i.e. we would like to perform op-
timal joint source-channel decoding (JSCD) for a fixed
transmitter. This allows to improve existing systems by
the algorithms stated below with decoder-only modifica-
tions. The mathematical formulation of the optimization
criterion is given by the conditional expectation of the
mean-squared error (accumulated over all signals):

M
D = B{ 3| % - X{@)|;| Vi) — min. @
i=1 i
This distortion measure has to be minimized over the out-
put vectors X’i of the joint source-channel decoder. In
(2) X3(I}) is the entry with the index I} of the quan-
tization table, which is used to quantize the vector X3,
and V¥ = {Vk, Vk—1, ..., Vo} is the set of channel words
which were received up to the current time k.
Let the realizations g = {pl,...,u™} of the set of
indices I, = {I}, ..., I} take on “values” from the set
S,ie p € 8, with
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S=Slx..xSM, §i={0,.,2%-1}. 3

Then, the minimization (2) results in mean-square esti-
mators for the signals X7, =1,2,..., M, ie.

Xi= ) XINV)-BWN |V, @)
v gST

with the index a-posteriori probabilities (APPs)
BN | V) =PI =N | V5. ©)

Introducing the mutval independence of the indices
into the general solution in [1] and assuming that a sys-
tematic channel code with the codewords

redundancy-bits
~~ .
Vi={n(l), C: }, L={L.L,..L'} ©

is used, the algorithm to optimally compute the APPs (5)
can be shown to be given by

Pu(¥IVF) = M) - P(I{=X)
cp(B 1 =XN) - P(I=N) O

for M € 7, with the extrinsic index-probabilities

R=¥ =125 3 [pGul o).

VUES: pi=\i

M
I 2 |zz”=um>-Pa(Iz"=um)] ®)
m=1,m#j

and the index a-priori probabilities

P,(H=N)=Y" Pypos (V|6?)-Pea (W 1V5Y). )
Yuiesi

The factors M. ,El) and M, ,52) normalize (7) and (8) in
such a way that both equations sum up to one overall M €
SJ. The notation C,S") corresponds to the redundancy-
bits of the channel code that result from some input
index-combination iz € S.

The equations (7), (8), and (9) form a recursion that
allows the computation of the index APPs (5) using only
the known quantities which were defined in section 1. At
k = 0 the “old” APPs are initialized by the “uncondi-
tioned” probability distributions of the indices in order to
compute (9) for the first time.

3. ITERATIVE DECODING

Unfortunately, the optimal algorithm for JSCD is not
feasible if realistic numbers of index-bits are commonly
encoded by the channel code. This is due to the summa-
tion in (8) that is taken over all possible combinations of
the indices excluding only I7.

On principle the probabilities (8) can be computed
by the symbol-by-symbol APP-algorithm in [2] (BCIR-
algorithm). An efficient implementation is possible, if a
binary channel code with a regular trellis with a small
number of states is used. This will be assumed in the
sequel. However, the quantizer-indices are still non-
binary: In general they consist of arbitrary numbers of
bits. In order to be able to efficiently compute extrinsic
bit-probabilities from the channel-code but to exploit the
correlations of non-binary indices, the iterative source-
channel decoding (iterative SCD) is introduced. The idea
is to simplify only the computation of the extrinsic prob-
abilities (8) but to keep the rest of the optimal algorithm.

A possible realization is given by two types of soft-
in/soft-out decoders (SISO decoders) which are applied
alternately within several iterations at each time k: The
SISO channel decoder exploits only the channel-code
redundancies while the SISO source decoder processes
only the index correlations. Both SISO decoders accept
the received channel-values and the a-priori information
for the index-bits, and they compute the new (extrinsic)
information for the index-bits by exploiting only “their”
type of redundancy. The extrinsic information is passed
to the other SISO decoder as the new a-priori informa-
tion for the next step of the iteration. An iterative source-
channel decoder that is based on this principle, and which
directly fits into Fig. 1, is depicted in Fig. 2.

Information is passed between the blocks by log-
likelihood-ratios (L-values, [3]). They can be directly
derived from the corresponding probabilities, but the use
of L-values is advantageous, because normalizing factors
cancel out and the APP-algorithm for channel decoding
can be implemented with less numerical problems.

The notation L‘(IC/Z (L) is used for the a-
priori/extrinsic information of the channel/source de-
coder. It is a vector that contains the L-values for all
index-bits in the index-set I, which was defined in (6).
The bits 7, € {0,1} are associated with the quantizer
indices by I = {if , : 1 =1,2,..,N7},j =1,..., M.

In the following the L-values will be stated for the
index-bits. In contrast to that, the vectors of the L-values
corresponding to the index-set I are noted in Fig. 2 in
order to simplify the drawing.

3.1. Soft-In/Soft-Out Channel Decoder

The APP-algorithm in [2] (BCIR-algorithm) is used
for SISO channel decoding. It has been discussed in de-
tail e.g. in [3], thus here only the interface to the SISO
source decoder is stated. The interleaver is treated as a
part of the channel (de)coder.

Besides the channel-outputs 9y ,!’ = 1, .., Ny, the
channel decoder accepts the a-priori L-values

LO( ) =log (Pa@ @ ,=0)/P) (i, =1)), (10)

with j=1,.., M, [=1,.., N9, The APP-algorithm effi-
ciently computes (8) for single bits. Accordingly, the bit
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Soft-In/Soft-Out Channel Decoder
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Figure 2: Iterative source-channel decoding

a-priori probabilities, which are required in (10), can be
computed from the index a-priori probabilities (9) by

PO, =XN)=>" B.(fi=17), Ne{0,1}. 1)

vuiesi :pi =4\{
The channel decoder issues the extrinsic L-values
L) = log (PO, =0) /PO, =1)) (12)

that are associated with the extrinsic bit-probabilities
PO (é 1)- The extrinsic L-values L (4 ) are passed
to the SISO source decoder as its a-priori information.

3.2. Soft-In/Soft-Out Source Decoder

The idea for the simplification of the optimal JSCD
was to replace the extrinsic term in (7). This is achieved
by approximating the extrinsic probability (8) for the in-
dex I} by the product of the corresponding extrinsic bit-
probabilities. The L-values of the latter have been com-
puted by the SISO channel decoder. It should be no-
ticed that the mutual correlations of the index-bits are ne-
glected by the factorization of the extrinsic information.
‘We obtain

B(¥|Vg) = M7 - Pu(I{=X) -

Ni

H (fe(C) (i{,k =.,\f) * Pe G{,k Ii{,k':’\{l) (13)

=1

= pe(il | = X)

as the approximation of (7). Using (1), the product within
the brackets can be expressed by the L-value

De (Zf,k Ii{,k =0)

log —z——
pC(Z{,klzf,k =1)

=Lc-ij,, = LO@ )+ Le - 5,

with L;=4 - E,;/N,. This means that the extrinsic infor-
mation L) (z'f &) from the channel decoder produces an-
other channel for the index-bits with the modified output
values #] . The redundancy-bits of the channel code do
not appear explicitly in (13). Therefore, the SISO source
decoder formally computes the index APPs (13) as the

Optimal Estimation algorithm (OE) in [4], [1]. Thus, the
blocks in Fig. 2 are labeled accordingly. )

The estimation of the decoder outputs X7 could now
be carried out using the index APPs (13). However, the
bit a-priori probabilities (11), that were used to perform
SISO channel decoding, did not contain the mutual cor-
relations of the index-bits. The first step to insert at least
a part of this information into the decoding scheme is to
compute new bit a-posteriori probabilities from the tem-
porary index APPs by

PO =N |VF) = Y PR@IVF), 4

vuiesi:y —X"

for j=1,.., M, l=1,.., N7, Using (13), this equals

B - s, i ;
P® (’f,k =X V) = MIS Y. pe (Z{,k Lk =X) -
P, e(C) (i{,k = '\{) - P, e(S) (i{,k = '\{) (15)
with the extrinsic bit-probabilities

PO =Ny =M 5 Rall]=4)-
vl GSj:y{=A{
N3

H PcG’Z,kli{,,k=ﬂi) P(C)( =pl). (16)
v=1,v#l

As stated before, the factors M, ,Ss’l) and M, ,55'2) are con-
stants that normalize (15) and (16). The extrinsic bit-
probability (16) contains the “new” information on the
bit i}, due to the index correlation. Since (16) is an
extension of (11) because of the additional weighting in
the lower line that corresponds to improved information
on the other bits of the index, we can close the loop
and use (16) as the new bit a-priori probability in (10),
ie. P{O(i, =X) = P (i , =), for a second and
further runs of the APP-algorithm for channel decoding.
This can be easily implemented by computing (13) and
(14), and using (15) in L-value notation according to;

HOW) =19 () ~Le - EOE) . D

After several iterations of the SISO decoders, the final
index APPs are computed by (13) and the receiver outputs
X J are estimated by (4).
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4. SIMULATION RESULTS

Independent Gaussian random signals were correlated
by a first-order recursive low-pass filter (coefficient a =
0.9) in order to generate the signals X},j = 1,..., M.
As source encoders, 5-bit optimal scalar quantizers were
used. Their output-bits were spread by a new random-
interleaver at each time k and afterwards they were com-
monly channel-encoded by a terminated rate-1/2 recur-
sive systematic convolutional code (RSC-code, [5]). The
codewords were transmitted over the AWGN-channel.

In the first simulation M =2 signals and a memory-2
RSC-code were considered (code-rate R =10/24). The
results are depicted in Fig. 3. The mean SNR (averaged

a=0.9, Mem-2 RSC-Code, R=10/24
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Figure 3: Performance of iterative and optimal joint
source-channel decoding. Transmission of M = 2 au-
tocorrelated signals (a = 0.9) in parallel.

over all signals) is plotted over Ej /Ny, the ratio of the en-
ergy E, per transmitted data-bit and the one-sided power
spectral density Ny of the channel-noise.

Clearly, the “optimal JSCD” decoder works best, fol-
lowed by the iterative decoding (curves “iterat. SCD”).
An additional decoder was realized (curve “BCJR-OE”)
which used the BCIJR-algorithm for channel decoding
with “zero” a-priori information followed by Optimal Es-
timation (OE) for source decoding, i.e. the scheme had
the same constituent algorithms as the iterative SCD. Due
to its better initialization the iterative SCD outperforms
the “BCIR-OE”-decoder, even if only one iteration is car-
ried out. In contrast to “BCJR-OE”, the iterative SCD
utilizes the time-based correlations of the index-bits for
channel decoding, but obviously no advantage can be
taken of the mutual dependencies of the index-bits since
the performance hardly increases with the number of it-
erations. This can be explained by the short length of the
channel code which does not allow sufficient interleav-
ing to make the extrinsic bit-information from the source
decoder “virtually” independent for the channel decoder.

It is known that the performance of turbo codes
and their iterative decoding is better, if a code with
“long” codewords is used. Therefore, a similar simula-
tion as above was carried out, but with M = 50 com-
monly channel-encoded indices and a memory-4 RSC-
code (code-rate R = 250/508). The results are depicted
in Fig. 4: Now, the second iteration leads to a strong im-

a=0.9, Mem—4 RSC-Code, R=250/508
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Figure 4: Performance of iterative source-channel de-
coding and its constituent algorithms. Transmission of
M =50 autocorrelated signals (a = 0.9) in parallel.

provement, but more than two iterations do not signif-
icantly increase the SNR. This is due to the property of
the concatenated code, that the “short” source codewords,
which consist of just five bits, influence only a small num-
ber of RSC-code-bits.

5. CONCLUSIONS

Optimal joint source-channel decoding was approxi-
mated by the new iterative algorithm. If binary convolu-
tional channel codes with short memory are used, the iter-
ative SCD can be implemented with moderate complex-
ity. It is suitable for practical source-encoding schemes
because the quantizer-indices are allowed to have differ-
ent, arbitrary numbers of bits. If convolutional codes
with “long” codewords are applied, the iterative SCD
achieves a strongly better quality of transmission than
the other realizable algorithms. The maximum SNR is
almost reached after two iterations.
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