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ABSTRACT
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As Reed-Solomon (RS) code is strong to both burst errors
and random errors, RS code is being widely used in the
applications of communication and data storages. RS codes can
be denoted by (N,K), where N and K represent the length of a
block and the length of the information symbols, respectively. It
can correct up to t ¬« ( N  K ) / 2 ¼» symbols [1].
Recently, more advanced Reed-Solomon Product-Code (RSPC) has been adopted for DVD, which is now being widely used
for high-quality video and data storage. RS-PC is processed by a
two-dimensional frame structure illustrated in Fig. 1. It is
a matrix composed of a (182,172) RS code in row direction and
a (208,192) RS code in column direction. The two-dimensional
structure has a greater error correction capability and higher
code efficiency, but it eventually increases the size of buffer
memory and the number of operations and memory accesses. As
a result, the execution time and power consumption of decoding
increases significantly.
In RS-PC decoding, we have to process RS decoding for
every row and column. Generally, the more we repeat RS
decodings for rows and columns, the more the error correction
capability of RS-PC increases. In short, the number of errors will
decrease in proportion to the number of decoding of rows
and columns. On the other hand, execution time and energy
consumption will increase as a result because more operations
are needed.
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This paper presents a fast and low-power decoding scheme for
Reed-Solomon Product-Code (RS-PC). To increase error
correction capability of RS-PC, we need to repeat ReedSolomon (RS) decoding several times for rows and columns. As
the number of RS decodings increases, the execution time and
the energy consumption also increase as well. In order to reduce
unnecessary operations and memory accesses, we added two
small memories to store data on whether the row or column is
updated or not. In the next iteration, only the updated rows and
columns are recalculated instead of the whole rows and columns.
Based on the proposed scheme, we implemented a RS-PC
decoder using UMC 0.25Pm standard and memory cells. The
working frequency is 133MHz at 2.5V. Experimental results
show that the execution time is reduced by 48% in case of four
iterations, and by 66% in case of six iterations.
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Figure 1. DVD RS-PC Frame Structure
There has been a lot of research that achieved an efficient RS
decoder [2][3][4][5][6][10][11]. However, few researches have
been done on RS-PC decoder. In a previous research related to
RS-PC decoding, an area-efficient RS-PC decoder for DVD
applications was presented by Hsie-Chia Chang [7]. In the
decoder, the row and column decodings are parallelized by two
dedicated RS decoders, and the parity symbols of frames are not
corrected to reduce the frame buffer size and minimize the
timing constraint. But this architecture is applicable only when
rows and columns are decoded each once.
In this paper, we present a scheme to reduce execution time
and energy consumption by eliminating unnecessary RS
decoding in the process of repetitious decoding of rows
and columns. We also estimate the performance of the proposed
scheme by comparing its energy consumption with that of the
conventional one.

2. OBSERVATION
As the performance of RS-PC decoding varies depending on the
decoding method, it is difficult to estimate it accurately.
Therefore, a software model written in C-language is used to
simulate the performance when a random symbol error rate is
given to figure out how many decodings are needed to make 20
frames completely error-free.
In case when the channel environment is not good enough
because of many errors, we can enhance the error-correction
capability by increasing the number of row and column
decodings (as shown in Fig. 2). Many decodings are required to
recover the original data in high BER, and it seems that the
reasonable number of decodings is four to six.
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Figure 2. Number of Iterations for Error-free Frames
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With the improved semiconductor technologies developed in
recent years, we can repeat RS decodings several times for high
accuracy while still satisfying a required data processing rate.
However, as the number of decodings increases, the number
of computations and memory references also increase as well. In
addition, the memories to store RS-PC frames should be
significantly larger and be more frequently accessed. Therefore,
the memory access power is critical in the energy consumption
of the entire RS-PC decoding system.

3. PROPOSED SCHEME
If row and column decodings are processed alternatively, there is
no need to decode the rows (columns) that are not modified
during the recent column (row) decoding. This is because the RS
decodings of the rows (columns) were already carried out on the
identical codewords and the errors of the rows (columns) were
corrected during the previous row (column) decoding process.

Figure 4. Proposed Scheme
Fig. 4 shows an example of column decoding procedure in the
above-mentioned method. If a column decoding corrects a row,
the dirty bit of the corresponding row is set to 1. Let us assume
that we are conducting row decoding after completing the
decoding of all columns. Before starting to decode a row, we
check whether the dirty bit of the row is set to 1. If the bit is 1,
the row should be decoded again, and if not, we can simply skip
the decoding procedure. As it is not necessary to read from
the frame memory the rows that have no symbols corrected in
the previous column decodings, we can reduce the number of
memory accesses and save the processing power needed for RS
decoding.

4. RS-PC DECODER IMPLEMENTATION
Frame
FrameBuffer
Buffer
Memory
1
Memory

100%

Dirty
DirtyBit
Bit
Memory
Memory

Rate of Updated Codewords

90%
80%

Main Controller

70%
60%

Memory Switch

50%

Input
Frame

40%

Input Controller

Output
Frame

Output Controller

30%

Decoding Controller

20%
10%

Reed-Solomon Decoder

0%
3.E-03

4.E-03

5.E-03

Symbol
with Error

Input
Sequence

6.E-03

BER

Syndrome
Calculation

Figure 3. Rate of Updated Codewords

R
E
G

Si

Error
Locator
Polynomial

/ ( x)

Error
Evaluator
Polynomial

:( x )

Forney
Algorithm

R
E
G

R
E
G

Corrected
Symbol

Error
Correction

Chien
Search

To estimate our proposed scheme, we simulate how the rate of
updated codewords changes while the row and column
decodings are repeated. As shown in Fig. 3, the updated
codewords rate gradually decreases in most cases.
With this in mind, we designed a RS-PC decoder that does not
repeat redundant decodings. We added two small memories to
store row and column dirty bits. These memories need only 182
bits and 208 bits, each of which shows whether each row and
column is modified or not.
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Figure 5. Block Diagram of RS-PC Decoder
Fig. 5 shows the entire architecture of the RS-PC decoder we
designed. Following the structure of the most popular RS
decoder architecture, we designed the architecture based on
algorithms which have high efficiency and low complexity, such
as serial inversionless Berlekamp-Massey (BM) algorithm and
Forney algorithm [2][3][4][8][9]. Our RS decoder can support
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TABLE 1. Execution Time (Cycles)
BER
Four
Iterations
Six
Iterations

1.0E-03

2.0E-03

3.0E-03

4.0E-03

5.0E-03

6.0E-03

77454

77636

85826

88556

114400

135512

77454

77636

85826

88556

117364

185822

100%
90%
80%

Execution Time

both (182, 172) and (208, 192) RS codes. To control the pipeline
flow in the RS decoder, the main controller generates control
signals for the each pipeline register in the RS decoder.
Our decoder has two large frame memories. One memory is to
store the input stream and send the decoded output. After a
decoded symbol is sent out, an input symbol occupies the empty
space. The other is used for decoding operation. As these two
separated memories work independently, the input stream can be
received continuously while the previous frame is being decoded.
We use a dual-port memory for frame buffering. If an error
symbol is found, the controller reads the symbol data from the
frame memory in the next cycle. In the second cycle, the error is
corrected by the error evaluation value. And finally, in the third
cycle the corrected symbol data is rewritten over the original
symbol data in the frame memory.
Execution Time and Power Reduction
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Figure 7. Execution Time with Proposed Scheme
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Figure 6. Timing Diagram of Proposed Scheme

250

Fig. 6 shows the overall timing diagram related to dirty bits in
case of six iteration decoding. In the first stage of row and
column decodings, we have to decode all rows and columns.
However, from the second stages, we may decode only updated
rows and columns that can be determined by looking at their
dirty bits. And the execution time for decoding a frame can be
shorter because we can skip the row or column decoding by
adding only one additional cycle to read the dirty bit.
As the word size of a memory is 8 bits, we design the decoder
to access 8 dirty bits from the memory at one time. Since the
dirty bit requires only 1 bit to represent each row and column, it
is smaller in size compared to that of the frame memory.
Therefore, the dirty bit memory consumes much less access
power than does the frame memory.
Before starting to decode rows and columns, the dirty bit
memories should be reset. It takes 26 cycles for rows and 23
cycles for columns to reset the memory. And if an error is found
while decoding a row, the dirty bit of the relevant column should
be set to 1. These dirty bits of columns are used in the next
column decoding. If no error is found in the frame, DONE
output signal will be set and the frame in another frame memory
will start to be decoded from the next cycle.
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5. EXPERIMENTAL RESULT
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We designed a DVD RS-PC decoder using Verilog and verified
its operation by RTL simulation. During the verification, the RSPC frames were constructed and some errors were added in Cdescription. Then we confirmed that the errors were corrected
while being processed in RTL simulation. Verilog and C
language processes communicate with each other through
Program Language Interface (PLI).
The decoder designed by Verilog was synthesized using UMC
0.25Pm standard and memory cells. The maximum operating
frequency of the decoder is 133MHz at 2.5V.

Figure 9. Energy Consumption (Six Iterations)
We repeated the simulation 10 times and averaged the energy
consumption results to estimate the energy consumption in case
of several error probabilities. Table. 1 is execution times in the
proposed RS-PC decoder, and Fig. 7 shows the execution times
of the proposed RS-PC decoder ratioed to those of a
conventional one. As the BER becomes lower and the number of
iterations increases, the execution time decreases.
The execution times of our decoder are shorter than the
conventional one. Therefore, the energy consumption for one
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frame decoding is more suitable unit to compare than power
consumption.
First, we simulated the case of four iterations. The result is
shown in Fig. 8, which suggests that we can reduce 19% to 34%
of energy with four iterations. In case of six iterations, the
energy saving rate is higher than that of four iterations as shown
in Fig. 9. The energy saving rate in case of six iterations is 21%
to 52%.

In conclusion, we can reduce the execution time and energy
consumption of Reed-Solomon Product-Code decoding at the
cost of a small additional area.
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