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Abstract - The evolution of digital mobile commu-
nications along with the increase of integrated cir-
cuit complexity has resulted in frequent use of error
control coding to protect information against trans-
mission errors. Soft decision decoding methods,
such as the maximum a posteriori (MAP) decoding
algorithm, process soft information and aim at min-
imizing bit error probability. This paper investi-
gates application of a reduced-storage matrix-based
MAP decoding approach to JPEG image transmis-
sion in wireless channels. When used with a soft-
combining technique, it is shown to significantly
improve performance. This facilitates transmission
of highly error-sensitive JPEG images in mobile ra-
dio systems, even when the ratio of bit energy to
noise power spectral density (E;/No) is quite low.

1 Introduction

The Joint Photographic Experts Group (JPEG)
still image data compression standard is now widely
used for storage and transmission of high-quality
colour photographic images. The compression em-
ployed offers significant improvements in terms of
bandwidth efficiency, making it particularly useful
for transmission over mobile radio channels. How-
ever, the JPEG standard was intended for use on
wired channels, with typical bit error rates on the
order of 107°.

Unfortunately, mobile radio channels can cause
raw bit error rates in the order of 5% to 10% and
hence employment of error control coding is com-
pulsory. These channel conditions are mainly due
to multipath propagation, which causes signal fades
and error bursts. Therefore, radio transmission
engineers have to incorporate several techniques
and features into their encoder and decoder designs
such as unequal error protection, soft decision de-
coding and soft-combining techniques [1].

The maximum a posteriori (MAP) decoding al-
gorithm processes soft decisions as needed for the
considered application and also plays an impor-
tant role in iterative decoding. A matrix-based
approach was advised in [2] to accomplish MAP
decoding. The approach belongs to the class of
forward-only recursion algorithms, and may be im-

plemented in the spectral domain. The required
storage space is reduced compared to the one-sweep
decoding algorithm proposed in [3], whilst the num-
ber of operations is unchanged.

This paper investigates application of the pro-
posed forward-only recursion algorithm to the trans-
mission of JPEG images in the mobile radio en-
vironment. Both soft decision decoding and soft-
combining techniques are investigated, and shown
to offer significant performance gains relative to
forward error correction (FEC) schemes employ-
ing hard decision decoding. In particular, the soft-
combining approach presented in [1] permits trans-
mission of JPEG images over mobile radio channels
for which the average ratio of bit energy to noise
power spectral density (E,/No) is rather low.

This paper is organized as follows. Section 2
briefly describes the employed MAP decoding al-
gorithm in the spectral domain [2] along with the
employed soft-combining algorithm [1]. In Section
3, we present an implementation structure for a
JPEG image transmission system using the pro-
posed methods. Complexity issues of the employed
algorithm are discussed in Section 4. Examples are
presented in Section 5. Finally, Section 6 concludes
the paper.

2 Soft-combining Approach

2.1 MAP decoding

A concept often used with MAP decoding is that
of log-likelihood ratio, which is defined for a binary
random variable U as
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Ly(a) = logm.
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The sign of Ly (@) provides a hard decision, i.e.
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and the magnitude abs{Ly (1)} represents the reli-
ability of the decision. A similar concept applies to
joint random variables U and V' denoted by U,V or
a random variable U conditioned on a random vari-
able V' denoted by U|V with corresponding joint
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log-likelihood ratio Ly, v (u,v) and conditional log-
likelihood ratio Lyy (u|v), respectively.

Let u = [ug,u2,---,u,] € C denote a codeword
in a linear block code C and v = [vy, va, - - -, v,] de-
note a noisy observation at the output of a demod-
ulator. Further on, assume a memoryless channel,
a systematic linear block code, and statistically in-
dependent transmitted bits. Then, the soft output
of a symbol-by-symbol MAP decoder for the esti-
mate @; of symbol u; at position i of codeword u is
given by the log-likelihood ratio
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where P(u;|v) is the conditional probability that
symbol wu; at position i of codeword u has been
transmitted given the observed signal at the output
of the demodulator is contained in the vector v.
Furthermore, from Bayes’ rule it follows that the
log-likelihood ratio (3) can be written as

L(u;) = L(ui,vi) + Le(t;), (4)
where L(u;,v;) denotes joint log-likelihood ratio,
while L.(@;) is the extrinsic log-likelihood value
based on the indirect information about u; due to
the particular code structure. Using the spectral
domain approach [2], we may eventually obtain the
extrinsic value as
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where uy; =< s,h; > denotes the jth bit in the

sth codeword uf =s-H = [uj:l, e ,uj-’j, e ,uj-n]
of the dual code C*+ which is generated by parity
check matrix H = [hy,---,h;,---,h,]. The oper-
ator < a,b > denotes the mod-2 scalar product
between a and b, which are binary vectors repre-
senting the decimals a and b, respectively.

Note that the structure of zero and one bits in
the codewords u* of the dual code C* is directly
reflected in the sequence of factors in the respective

products of numerator and denominator in (5).

2.2 Soft-combining algorithm

A soft-combining algorithm can be obtained by us-
ing (4) with joint log-likelihood ratio replaced by

L(u;)+ L(vi|u;)  for
L(Ui, V)=
L(v;|u;) for

1<i<k,
: (6)
k<i<n,

where L(u;) denotes the a priori value of the trans-
mitted information bit u; and L(v;|u;) represents
soft-output of the channel. This notation indicates
an iterative procedure for using soft-combining tech-
niques with linear block codes. The principal steps
of such a procedure are as follows:

First Transmission
1. Initialize L) (u;) with a priori value of u;.

2. Process soft-output value L) (v;|u;) of
channel.

Compute extrinsic value Lﬁl)(ﬂi).
4.  Compute log-likelihood value L) (;).

Release decoded word if it fulfills a given
reliability criterion. Otherwise, continue
with Step 6.

mt" Retransmission
6. Request retransmission of codeword.

7. Use L™=V (@;) obtained from (m — 1)t
retransmission as new a priori value of wu;
for mt" retransmission.

8. Process soft-output value L™ (v;|u;) of

channel.

9. Compute extrinsic value L™ (;) for mt*
retransmission.

10. Compute new log-likelihood  value
L) ().

11. Release decoded word if it fulfills a given
reliability criterion or a specified maximum
number 7,4, of retransmissions is reached.
Otherwise, continue with Step 6.

In addition, one needs to specify a criterion for
retransmission termination. In this paper, we as-
sume availability of a genius observer which can
identify otherwise undetectable errors. In this case,
the genius observer shall request a retransmission
but only until a specified maximum number 7, q,
of retransmissions is reached. Whilst this approach
is rather idealistic, the performance characteristics
obtained by employing a genius observer may serve
as a benchmark for more realistic stop criteria.

3 JPEG Transmission System

A generic JPEG transmission system for wireless
channels may be implemented using FEC, and em-
ploying the MAP decoding method described in
Section 2. The block diagram in Figure 1 illus-
trates such a system for soft-combining. The wire-
less channel is modelled as multiplicative fading
in the presence of additive white Gaussian noise



(AWGN). The multiplicative fading is assumed to
be ideally interleaved and satisfies a Rayleigh dis-
tribution.

If soft-combining is used, then it would be nec-
essary to incorporate a feedback channel to convey
retransmission requests. The probability of error in
these requests is assumed to be negligible, so the
feedback channel is modelled as being error free.
Further on, we assume the presence of a genius de-
coder at the receiver, as mentioned in Section 2.
The soft-combining JPEG transmission system is
illustrated in Figure 1, with dotted lines represent-
ing the operation during retransmission requests.
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Figure 1: JPEG transmission system using soft-
combining.

4 Complexity Issues

The computational complexity of the employed
MAP decoding algorithm is in the order of n-2"~*,
which is the same as that reported in [3]. The num-
ber of operations is reduced by a factor of about two
compared to the BCJR algorithm [4].

As far as storage space requirements are con-
cerned, the recently proposed single-sweep algo-
rithm of [3] needs to store 2"~ * words. For some
codes, this may lower storage space by a factor of
about n compared to that required by the BCJR al-
gorithm [4] but it is approximately the same as the
space required by other algorithms [5, 6, 7]. The al-
gorithm discussed in this paper, on the other hand,
requires only n+1 words of storage space. As an ex-
ample of the storage space reductions, consider the
MAP decoding of a simple double error-correcting
(31,21) BCH code. The algorithm given in [3] re-
quires 1024 words storage space, compared to only
32 words of space with the presented approach.

The use of soft-combining requires only a minor
increase in complexity, and may provide significant
performance improvements (see Section 5). If a
retransmission oriented system is undesirable, the
soft-combining algorithm could be used by sending
multiple copies of each codeword. Substantial per-
formance improvements are still possible by adopt-

ing such an approach in conjunction with unequal
error protection of the JPEG files, and we are cur-
rently investigating such a solution.

5 Examples

To illustrate the proposed system’s performance,
we consider transmission of the JPEG image ‘Perth’
using a (31,21) BCH code for error correction. Per-
formance is examined for a Rayleigh fading chan-
nel, and an AWGN channel, according to the sys-
tem model presented in Section 3. In all cases, the
average Fj /Ny is 5dB, and binary phase shift key-
ing (BPSK) modulation is used.

To limit error propagation through the JPEG
images, the restart capability specified in the JPEG
standard is utilised, with the restart interval set to
a single minimum coded unit (MCU) corresponding
in this case to an entropy encoded 16 x 16 pixel
image segment. Therefore, bit errors in a single
MCU will corrupt at most a 16 x 16 segment of the
displayable image. Additionally, the JPEG quality
factor is set to 80%. The results shown correspond
to the worst received image for each scheme, as
judged by a human observer.

The following decoding schemes were used with
the (31,21) BCH code:

e Hard decision decoding,
e MAP decoding,

e Soft-combining with maximum number of re-
transmissions r,,q, = 10.

Results for AWGN channel

For transmission over an AWGN channel without
any multiplicative fading impact, results are shown
in Figure 2. The image was sent five times in all
cases. When hard decision decoding was employed,
it was only possible to open one of the five trans-
mitted images. This was due to corruption of the
JPEG header in the other four images. For the
MAP decoded FEC system, all images were able
to be opened. Even the worst of the five images is
of reasonable quality, and could be easily corrected
by means of an error concealment scheme. When
soft-combining was used, the decoded images were
of high quality (see Figure 2).

5.1

5.2 Results for Rayleigh fading

For the Rayleigh fading channel, hard decision de-
coding of the BCH (31, 21) code at Ey/Ny = 5dB
actually increased the bit error rate compared to
the uncoded case, so hard decision decoding was
not considered in the performance comparisons.
Further on, corruption of the JPEG headers for the
MAP decoded files meant none of the decoded files



were able to be opened. As we are currently investi-
gating unequal error protection for the headers, we
examine the case where headers are invulnerable to
errors. However, the restart markers and also the
end-of-file marker are still subject to corruption. In
this scenario, only 3 of the 5 MAP decoded JPEG
files were able to be opened. The worst of these is
shown in Figure 3. When soft-combining was em-
ployed, all 5 images were able to be opened, and
the worst image is shown in Figure 3.

We also consider the use of soft-combining when
the JPEG headers are prone to errors. Due to the
extremely low bit error rates achieved using this
scheme, the probability of the JPEG image being
corrupted to the extent it is not able to be opened
is very low. To provide a fair indication of the
results obtained using the soft-combining scheme,
the image ‘Perth’ was transmitted 200 times over
the Rayleigh fading channel. Of the 200 simulated
transmissions, only one decoded image was unable
to be opened due to severe header corruption. Fig-
ure 4 contains five of the sample decoded images,
along with the original. We classify the decoded
images as follows:

e Typical Image: Majority of the 200 decoded
images were of similar or better quality.

e Severe Degradation: 11 decoded images con-
tained one or two fully corrupted segments.

e Unacceptable Degradation: 2 decoded images
(both shown) were of unacceptable quality.

6 Conclusion

In this paper, we have considered an application
of the matrix-based MAP decoding algorithm [2]
to JPEG image transmission over AWGN and a
Rayleigh fading channel. For the AWGN chan-
nel, significant improvements were observed when
MAP decoding was employed. Further improve-
ments were possible by using a soft-combining tech-
nique [1]. For the Rayleigh fading channel, soft-
combining allowed transmission of high-quality
JPEG images even with Ey /Ny = 5dB.

The soft-combining scheme is simulated assum-
ing a genius observer and termination after a max-
imum of 10 retransmissions. In practice, the ge-
nius observer may be replaced with a cyclic re-
dundancy check (CRC) or a cross-entropy based
scheme. A further improvement in the quality of
the decoded images may be obtained if the max-
imum number of retransmissions is relaxed. Ad-
ditionally, unequal error protection for the JPEG
headers and the restart markers may reduce the
occurrence of catastrophic bit error patterns. Such
schemes are under investigation.
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