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Error Protection for Progressive Image Transmission
Over Memoryless and Fading Channels
P. Greg Sherwood and Kenneth Zeggenior Member, IEEE

Abstract—Product channel codes are proposed to protect pro- code) is corrupted after row decoding because of a short term
gressively compressed and packetized images for noisy channelserror burst, this shows up as a single symbol erasure in each
Within packets, the product cod_e uses the concatenation of a rate- ~ojumn and can easily be corrected by the column RS codes.
compatible punctured convolutional code and an error detecting g . .
parity check code. Across packets, Reed—Solomon codes are used-!—he proposed system is descnbgd b_elow, an_d numerical results
Benefits include flexible choice of delay, adaptability of error are presented afterwards showing its effectiveness. Complete

protection level (i.e., unequal error protection), and scalable specifications of the codes used in this paper are given in the
decoding complexity. The system outperforms the best known Appendix.

image coders for memoryless channels and performs well on

fading channels.

Index Terms—Channel coding, fading channels, image coding, Il. A PrRobDUCT CHANNEL CODE

Rayleigh channels. A product code is often described as a two-dimensional code

constructed by encoding a rectangular array of information
|. INTRODUCTION digits with one code along rows and with another code along

UMEROUS elaborate attempts have been made in tfalumns [4]. In the product code used here, the row code is
N past to protect transmitted images from the effects gfconcatenated code consisting of an outer cyclic redundancy

channel noise. The best known image coders tend to beh§9d€ (CRC) and an inner rate-compatible punctured convolu-
very poorly in the presence of channel noise, often becadi@n@l (RCPC) code while the column code is a systematic
of the finite-state nature of the compression algorithms. fifortened and/or punctured RS code. The structure of the
contrast, suboptimal image coders are often very robust RgPduct code is depicted in Fig. 1. Note that the RCPC codes
channel noise. In [1], a system was described for protect(iel'%mﬁ:d for the rows are not systematic, and the symbols for the
the SPIHT [3] image coding algorithm. It was demonstrat codes are constructed from consecutive information bits of

that performance exceeding that of previous coders codtd©W Prior to encoding with the RCPC/CRC code.
be achieved while maintaining the progressive property pfThe RCPC/CRC concatenated code allows substantial flex-

the image coder. However, the system in [1] was designg&”ty in choosing the code rate a_nd block_ Ieng_th of the rows.
exclusively for use on a memoryless channel. Thg row codes are Qecoded using the Ilst—\(lterbl glgorlthm
In the present paper, we extend the work in [1] to the case'ypich s_elects the trellis pgth_ with the best metric, subject to the
a fading channel. We do so by using a channel coding Systéﬁpstramt t.hat it also satisfies the (;RC <_:heck, from a ran_ked
which is specifically designed for use with packetized outplift Of candidates. The correct path is typically among the first
data from one of the best wavelet based algorithms knowf§" toP candidates, so a long search is rarely necessary. Also a
In addition to working well on a fading channel, the systerﬁeque”t'?l version of the _algonthm can reduce computa_’uonal
turns out to slightly improve upon the performance in [1] fofoMPlexity by only searching for the next best path after higher
the memoryless case as well. ranking candidates have failed. More thorough discussions of

The main idea is to break the image coder bit stream intg€ liSt-Viterbi decoding algorithm and applications can be

packets, encode them with the same concatenated chaffidpd in [1] and [5]. _ _
coder used in [1], and then to add a Reed—Solomon (RS)A” important property of the row code that is exploited by

code across the packets. Thus it provides a second layeft column code is that the CRC provides a high probability
protection and is specifically suited to the progressive wavelgflication of the decoding success or failure of a packet.

based algorithms, since no fixed interleave delay is needed gc0ding failures in the row codes are treated as erasures
for example, every bit in a packet (i.e., a row in the produc‘,"(hen decoding the column RS codes. Since the column codes

typically only need to correct erasures, the computational
complexity is reduced, and twice as many lost rows can be
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Fig. 1. Schematic diagram of RCPC/CRC and RS product code.

rows of the product code word will be the RCPC/CRC encoded ‘ 1 . . ;
parity symbols of the RS column codes. ol | 20 ooy (o chiannel nofee) (3 o
There is no requirement that the rows be consecutive in the | [~~~  RePocre] —

bit stream. A row spacing greater than one (i.e., interleaving g
multiple product codes) is used in some of the examples below, |
to achieve better performance over fading channels at lower
decoding complexity than a long code. Another design goal is3f
to minimize delay in order to achieve rapid improvement in§32;
progressive image quality, and this constrains the duration &
the code. A nice feature of this particular product code is that |
decoding the columns is unnecessary unless a decoding failure,|
is detected in a row code. Therefore, the decoded bits from a
row can be used immediately if no decoding failure is detected®
in the row, eliminating the delay cost when the channel is clear. ,,|
When the channel is in a good state, immediate progressive

decoding of the image occurs, and when the channel is in a% o1 o0z 03 04 05 06 07 o8 09 1

Total Rate (bits/pixel)

bad state, correct decoding can still occur but perhaps delayed

by the number of packets in the product code buffer. Fig. 2. Comparison of code performance for the 54512 image “Lena”
. . ._gver a BSC withBER = 0.1.

The code presented is well suited for burst errors since

entire rows can easily be recovered (since a corrupted row

appears merely as a single erasure in each column cogg)1]. The same probability of decoding error can be achieved
This property is important since even a single bit error in &ith an overall channel coding rate of 0.295 for the product
packet of data from embedded zero tree algorithms usualyde versus a rate of 0.257 for the RCPC/CRC code alone.
renders the entire packet (and also the packets to followherefore, nearly 15% more rate is available for source coding
useless. As an additional side benefit, the product channel ceglea given overall transmission rate. This results in a gain in
also performs well over memoryless channels such as additigcoded image quality of about 0.5 dB in PSNR uniformly
white Gaussian noise (AWGN) and binary symmetric (BSGicross all transmission rates. The decoded PSNR values of the
channels. Lena image as a function of rate for these codes are shown in
We fllustrate the effectiveness of this code by way of gig. 2 along with the noiseless channel results for the source
simple example on a BSC. The source and channel weygder without any channel coding, for comparison.
selected to allow comparison with the results from [1]; these In general, more efficient codes can be created using longer
were the progressive zero tree wavelet coder with arithme®s codes (i.e., more rows) at the expense of more delay
coding used by Said and Pearlman (SPIHT) [3] and a BS€quired to correct row decoding failures. Also, some improve-
with bit error rate 0.1. The total block length of the columment in error performance can be obtained at the expense
RS codes with symbols from GF(256) was limited to 2@f complexity by using an iterative decoding algorithm (e.qg.,
symbols to reduce the decoding delay and complexity, atngtbo decoding). Finally, while the above results for the
the source bit stream was protected uniformly by selecting tBSC use hard decision decoding, soft decisions can easily
combination of RCPC/CRC and RS code rates which gabe incorporated into the decoding process giving improved
equivalent probability of error results as the RCPC/CRC cogerformance.
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P state. However, using bit interleaving at the expense of a fixed
f—\ delay, a higher code rate can achieve the same probability of
— error requirements. Fully interleaving the channel so that the
errors appear memoryless was considered impractical for this
Bad channel since the required interleave depth would be excessive
BERZy when considering the goals of low overall transmission rates
< - and rapid image quality improvement. An interleave depth of
— 60 was selected as a reasonable value, and although it does
BG not completely remove the memory, an RCPC/CRC code of
rate0.36 is able to meet the probability of error requirements.
The product code was designed by starting with a row
RCPC/CRC code with a rate of 0.81 which was selected
IIl. FADING CHANNELS because it met the performance requirement when the channel
While the performance of the product code is good ovaras in the good state. The column code was then chosen to
memoryless channels, one of its most important featureshigndle the row decoding failures that occur when a portion of a
its suitability for fading channels which arise in wirelespacket is transmitted during the bad state. In order to reduce the
applications. A typical approach to error control for fadingiecessary error correction capability (and thus the redundancy)
channels is to introduce a bit interleaver which spreads aftthe column code, several product codes were interleaved
adjacent bits by the interleave depth before transmission oger that a single error burst would not cause multiple row
the channel. The goal is to produce an effective channel, afegasures within a single product code. Although interleaving in
the de-interleaver, which is nearly memoryless and then to ués manner does increase the delay when row erasures occur
conventional error control coding (e.g., convolutional codesgrsus not interleaving, the delay is not fixed as in the case of
to deal with the errors. One problem with this approach is thhit interleaving and is typically much less than the full extent
an interleaver of depth introduces a delay on the ordermt of the product code. The selected column code consisted of a
and this delay is constant regardless of the channel conditio(®), 11) RS code over GF(256) with a row spacing of 6 (i.e.,
Any delay impacts the performance of the progressive codgx interleaved product codes). The rate of the resulting product
because the goal is to improve quality (PSNR) as rapidly asde is about 0.44 which yields a 23% increase in the available
possible. Any delay shifts the PSNR versus rate curve to theurce rate compared with the interleaved RCPC/CRC code.
right, lowering the PSNR for a given rate. As mentioned earlidihe higher rate of the channel code translates into an increase
there is no significant delay with the product code unless thedtabout 1.0 dB in PSNR over a range of transmission rates
is a row decoding failure. In that case, the delay depends fam the Lena image, similar to the gain displayed in Fig. 2.
the number of bits that must be received before the necessarfrurther simulations were performed for BPSK transmission
number of RS check symbols are available (i.e., equal to theer a flat-fading Rayleigh channel using Jakes’ method
number of erased rows). [7] to model the channel. With this model, the channel is
A basic channel model incorporating the memory associatedaracterized by two parameters—the average SNR, which
with fading channels is the Gilbert—Elliot (GE) two-stateletermines the average bit error rate, and the normalized
model. A diagram of the channel model is shown in Fig. 3oppler spread (i.e., the Doppler spread normalized by the
In each state, the channel acts like a BSC with a certain dita rate), which determines how quickly the channel changes
error probability ¢z for the bad state aned for the good over time. The results presented are for a channel with average
state), and at each bit interval, the channel changes state V&tiR of 10 dB and a normalized Doppler spread of 2@hich
probabilities governed by the model transition probabilitieis probably near the low end of values of interest. An example
Pgr = Pr(good — bad) and Pgg = Pr(bad — good). This leading to a normalized Doppler value of TOwould include
same model was used in [6] to model a channel with memowy.data rate of 500 kbits/s transmitted at 900 MHz to/from
The Gilbert—Elliot channel model was used to compare tleemobile traveling at about 4 mi/h (e.g., a person walking).
effectiveness of the product code versus the RCPC/CRC cddee average fade duration is dependent on the fade margin,
along with bit interleaving. The selected model parametenghich characterizes the amount that the SNR can be reduced
wereeg = 0.1, ¢¢ = 0.001, Pgg = 1/400, and Pz = before communication becomes unreliable. For example, with
%PBc;. With these parameters, the steady state probability the parameters mentioned above, the average duration of a
being in the bad state is 0.1 and the mean burst durationfasle with a channel bit error rate exceeding 0.1 is on the order
400 bits. The performance requirement we chose for the coa#s12 000 bits while the average duration of a fade with a
was the same as that used for transmission over a BSC-ehannel bit error rate exceeding 0.01 is on the order of 24 000
least 99% error-free transmission at a total transmission ratebis. The strength of the RCPC/CRC channel codes in this case
1.0 bits/pixel. These parameters were chosen to illustrate thil determine the channel error rate which can be handled, and
performance of this system. In practice, more realistic valu#sus the fade margin. Normalized Doppler values lower than
would need to be determined of course. 10~° result in fade durations that include such a large portion
An RCPC/CRC code of rate 0.257 used on a BSC withf the bits that the channel is either good or bad for almost the
BER = 0.1 conservatively meets the performance requirentire image transmission—a situation better combated using
ment, as it codes for the worst case error rate seen in the Ispdtial diversity, frequency diversity, etc.

Fig. 3. Gilbert—Elliot two-state channel model.
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The results presented in Fig. 2 for the BSC essentially had 't

a single decoded PSNR value at each rate for each of the two | | = RERgRRE o imereaver o b0
codes since the probability of decoding failure was so low. e G Tk e

However, when examining the performance of a code afterosf
transmission over a noisy channel, it is often insufficient to |
consider only the mean decoded PSNR, especially for times Channel parameters:
varying channels. Instead, a distribution of decoded PSNR®®[" aerge svr @8} 100
values for each rate of interest is more appropriate since .| Dopler: 1E-05
shows the variability of the decoded image quality. A realisticg Mean{PC}: 26.20
performance measure should include some combination of t@a""‘ Mean(No in): 24.57
expected PSNR and a measure of the variability, although the, ;|
best relative weighting is probably viewer dependent.
Therefore, performance results for the fading channel will °*
be presented using a cumulative distribution of decoded PSNR; 11 7 :
values for a transmission rate of 0.25 bits/pixel. In this type of | ————— ‘ : : Mean(UEP): 27.81
plot, curves with better performance will generally lie closer %« 16 0 SV % 2 e 2
to the bottom and right edges of the plot indicating a higher o _
frequency of large PSNR values. Note that reported megfl 2. Zie e S e ol Cn e B e 0.25 bitsl.
PSNR values are computed by averaging decoded MSE values
and then converting the mean MSE to the corresponding PSNR ) ) ) ) )
value rather than averaging the PSNR values directly. errors associated with a deep fade, and simply increasing the
For the results presented in this section, each of the codgdundancy of the column codes may not allow tailoring the
was constructed from the output of the SPIHT [3] image cod@fditional protection to the importance as accurately (i.e., the
with arithmetic coding. The 51% 512 Lena image was used™@Ws in & given product code can have a large variation in
in each case and the total rate (including both channel alfgPortance, especially at the beginning of the bit stream for
source coding) considered was 0.25 bits/pixel. Blocks of 268 SPIHT coder). _ _
information bits were protected by a 16-bit CRC and encoded 1€ UEP scheme from Fig. 4 was constructed by protecting
by RCPC codes of various rates. For the product codes, groHﬂ)‘% first two information packets Wlt.h an addltlonal shortened
of eight consecutive information bits made up the symb§f 2) RS column code and transmitting the parity rows after
values for the RS codes over the finite field GF(256). A_[}alf of a_lll packets had been sent. In addition, the first ten
least 1000 independent trials are represented in each of {{@rmation packets were protected by a shortened (20, 10)
distributions that follow. RS column code with the parity rows sent as the final ten
The results shown in Fig. 3 compare the performance d}ackets of the image. The exira protection greatly reduced
1) an RCPC/CRC concatenated code with RCPC tte 2) the probability of losing any of thg |_n|t|e_1I ten.packets as
the same code with a convolutional interleaver of depth 8620 be seen by the much lower distribution tail. The result

3) a product code constructed from a ray2 RCPC/CRC was an increase in mean PSNR of 1.6 dB over thg uniform
row code and a (16, 10) RS column code with row spaci ot_ectlon product code at the expense of a re_duct|on_ of 0.5
of 4 (i.e., four interleaved product codes); and 4) anothdP I Péak PSNR due to the extra channel coding. This UEP
product code using the same basic parameters but with agtfitéme is just one example of how the code structure allows
tional coding to implement an unequal error protection (UEIi’?,e d_lstrlbuuon to be_ sh.aped to better match the performance
scheme which is described below. The results show that H&€ron of the application.
bit interleaver is not very effective for this channel since the
average fade duration is so long (see previous computations). IV.- CONCLUSION
The small reduction of the distribution tail is mitigated by A product code has been presented for the protection of
the 0.4-dB reduction in peak PSNR. The product code wiffrogressively coded images transmitted over noisy channels
uniform protection performs much better than the RCPC/CR&ith memory. As an added benefit, these codes actually also
coding with and without bit interleaving giving both a higheimprove the performance over binary symmetric channels.
peak PSNR and a lower tail which results in an improvemeihe code structure is very flexible, allowing properties such
in peak PSNR of 1.2 dB and in mean PSNR of 1.6 dB.  as level of protection, decoding delay, and complexity to be
The code structure allows several ways to implement &med according to the performance criterion of the application.
unequal error protection scheme, including: varying the raténequal error protection can be implemented in many ways
of the row RCPC/CRC code, varying the rate of the columio enhance the performance, especially on fading channels.
RS code, or including important information rows in multiplé=inally, the results for fading channels were presented using
product codes. For the channel conditions and codes uskd cumulative distribution of decoded PSNR values. This
in Fig. 4, the best approach for reducing the long tail ahethod of reporting results is more informative than the mean
the distribution is probably to include the initial informationPSNR, especially for variable channels. We propose that it be
packets in additional product codes. The reason is that adaélopted by other researchers as a method for reporting the
tional RCPC coding may still have problems correcting thegerformance of source coders on noisy channels.

Mean(int): 24.59
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test used the rate 4/11 code on packets of 200 information bits
and a (20, 18) RS column code. In the GE channel tests, the
RCPC/CRC code with interleaving used the rate 2/5 code on

200 bit packets, and the product code used the rate 8/9 code on
224 bit packets. In the Rayleigh channel tests, the RCPC/CRC

used the mother code of the 4/11 and 2/5 codes listed in Table
| and the product code used the rate 1/2 code—all used 200

TABLE |
RCPC CODES
Rate | Mother | Puncturing Rate | Mother Puncturing
Code Matrix Code Matrix
= =
A ITEUUEUUETI I I IR
8/9 117 0000 0 2/5
123 0000 00 137 01010101
147 L0 0 000D0O0O
FAITERRRURETI AR IR
1/2 117 1111 11 4/11
123 00000D0O0CGO0 187 1ol
147 L0 0000000
APPENDIX

Polynomials will be expressed in octal notation (e.g., octaf!

13 is 001011 in binary which translates to the polynomial2]
X34+ X +1).

All codes used a 16-bit CRC defined by the polynomialz
254 465. All product codes in this paper were constructed from
RCPC codes with memory 6 mother codes, and each pac
was terminated with enough zero bits to flush the state of the
convolutional coder (i.e., 6 bits in this case). The search for thi]
correct path in the list-Viterbi algorithm was terminated after
100 candidates as in [1]. However, note that limiting the searcfs]
depth to ten candidates gives almost the same performance.
The puncturing matrices and mother codes are listed in Table,
| for each rate used in the paper. The product code in the BSC

bit packets.

REFERENCES

P. G. Sherwood and K. Zeger, “Progressive image coding for noisy
channels,lEEE Signal Processing Lettvol. 4, pp. 198-191, July 1997.

J. M. Shapiro, “Embedded image coding using zerotrees of wavelet
coefficients,”IEEE Trans. Signal Processingol. 41, pp. 3445-3462,
Dec. 1993.

A. Said and W. A. Pearlman, “A new, fast, and efficient image code
based on set partitioning in hierarchical treelEE Trans. Circuits
Syst. Video Technolvol. 6, pp. 243—-250, June 1996.

S. Lin and D. J. Costello, JrError Control Coding: Fundamentals and
Applications. Englewood Cliffs, NJ: Prentice-Hall, 1983.

N. Seshadri and C.-E. W. Sundberg, “List Viterbi decoding algo-
rithms with applications,IEEE Trans. Communyol. 42, pp. 313-323,
Feb./Mar./Apr. 1994.

B. S. Srinivas, E. A. Riskin, R. Ladner, and M. Azizoglu, “Progressive
image transmission on a channel with memory,"Proc. Thirty-Third
Annual Allerton Conf.1995, pp. 265-274.

W. C. JakesMicrowave Mobile Communications.New York: Wiley-
Interscience, 1974.



