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1. Introduction

In this document, we give a complete specification of the use of Reed-Solomon codes for providing application layer FEC for MBMS streaming and download services. 

RS codes are well known erasure correction codes that have been successfully deployed in other broadcast standards like DVB-H [1]. 

2. RS Code Construction

An RS code can be described by the parameters block length N, dimension K, symbol length n (in bits/symbol) and the code generator polynomial g(x) and a field generator polynomial p(x). 

However, when used for erasure correction based on a software implementation alone, alternate specifications could be used. For example RS code constructions based on Vandermonde matrix [1] or Cauchy matrix [2, 3, 4] are efficient for software implementation of RS erasure decoding. Open source implementations of the two implementations are available at [5,6].

For MBMS streaming applications, systematic FEC is required. For MBMS download applications, systematic FEC is recommended. Hence we provide a specification for a systematic RS code. 

A (N, K) systematic RS codeword thus consists of K data symbols and (N-K) parity symbols. The software implementations are based on generator matrices with special structure, like Vandermonde matrix or Cauchy matrix. 

For systematic encoding, the Vandermonde generator matrix is transformed into its systematic version, where first K columns form an identity matrix. 

The generator matrix based on Cauchy matrix is already in systematic form.

In software implementations, for fast encoding and decoding, it is advantageous to choose a symbol length of 8-bits. This results in an RS code over GF (256) with a block length N < 255 octets. We recommend the use of 1-byte symbols for MBMS. RS codes of other block lengths and dimensions can be obtained by puncturing and shortening the mother code with N = 255. A punctured code is a (N-L, K) obtained from a (N,K) mother code; a shortened code is a (N-L, K-L) code obtained from a (N,K) mother code.

The encoding and decoding algorithms were presented with examples in [8]. Here we summarize them.

3. Encoding

A systematic RS codeword is obtained by multiplying a message vector of K symbols with a systematic RS generator matrix. The additions and multiplications involved in the encoding process are all performed in GF(256) arithmetic.

4. Decoding

Decoding is possible if any K of the N symbols in a RS codeword are received.

Decoding of each RS codeword is performed according to an implementation [1] based on Vandermonde matrix as follows:

1. K columns of the systematic Vandermonde matrix (corresponding to the positions of the received K symbols) are appended to form a KxK square submatrix.

2. Invert the sub-matrix formed above.

3. Multiply the vector of K received symbols with the inverted matrix.

4. The result is the message vector of K symbols. Thus the missing positions in the message vector are recovered.

5. Source Blocking and Interleaving

a. Packetization for MBMS download

Given the limited block length of RS codes, a source blocking and interleaving scheme for applying RS code is as shown in Figure 1.
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Figure 1: Systematic Packetisation Scheme: The dotted line shows a single systematic RS codeword consisting of K data symbols and (N-K) parity symbols 

Other possible source blocking algorithms based on multi-dimensional RS codes are also possible.

b. Packetization for MBMS streaming

i. Fixed size RTP packets
For fixed size RTP packets, the same packetization as shown in Figure 1 can be used. A single source block is shown in Figure 2.

An advantage of this approach is that it has very low decoding complexity.

The matrix inversion (in step-2 of section 4) needs to be done only once for each source block, because, the locations of the received symbols are the same for all RS codeword rows in a source block. The same inverted matrix can be used for source symbol recovery (step-3 of section 4) for all rows of RS codewords. Since the cost of matrix inversion is amortized over a large number of rows, the decoding complexity is very low.
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ii. Variable size RTP packets

We believe that modern media encoders with state-of-the art rate control are capable of producing rather constant media payload sizes. However, in certain cases, a certain RTP packet size variability may always occur.

For variable size RTP packets, the encoding block can be formed either by padding or by a matrix approach or a hybrid-padding approach.

RS-Padding:

A block of variable size media-RTP packets are arranged in adjacent columns as shown in Figure 3. The shorter packets are zero-padded in such a manner that their length after padding becomes equal to the length of the largest packet in the block. If the variation in the media RTP packet length is high, this approach results in significant amount of padding and significant amount of FEC being used to protect zero-padded symbols. For a fixed total amount of FEC overhead, this approach could reduce fraction of FEC overhead used for protecting media symbols, because a significant fraction of FEC overhead is wasted for protecting zero-padding symbols.

However, an advantage of this approach is that the decoding complexity is very low, as it is equivalent to fixed-packet size approach. 
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RS-Matrix:

A block of variable size media-RTP packets are arranged back-to-back to fill the columns of a matrix as shown in Figure 4.  A systematic (N, K) RS code is applied across the columns to generate (N-K) parity symbols from each row of K data symbols. This approach does not involve any padding to deal with variable size media RTP packets. For a fixed amount of FEC overhead, this approach makes sure that all FEC overhead is used to protect media symbols only. 

However, the disadvantage of this approach is that the decoding complexity is very high.
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The receiver would form the matrix with whatever RTP packets it had received by using the address of the RTP packet in the matrix.  The decoder then tries to restore the missing data bytes in the matrix by decoding each row of RS codeword independently, because the positions of received symbols are different for each row of RS codeword.

Since each RS codeword is decoded independently, it would need a separate matrix inversion and multiplication for each codeword. The cost of matrix inversion is very high. So the overall decoding complexity is very high.

Hybrid-Padding

This is a hybrid of RS-padding and RS-matrix that does not inherit the complexity of RS-matrix, and that does not need excessive padding.
In the conventional RS-padding approach, shorter packets are padded in a source block up to the length of the largest packet in the source block. If the packet size variation is too large, this approach results in significant amount of zero padding and correspondingly a large fraction of FEC overhead being used for protecting the zero padding symbols. 

For example, consider the following example. Here A, B, C, D, E denote source (media) symbols belonging to consecutive media RTP packets. The packet lengths are 5,4,17,11,6 symbols respectively. The letter “P” denotes a padding symbol. The total number of padding symbols is (17-5) + (17-4) + (17-11) + (17-6) = 42. The total number of media symbols is 5 + 4 + 17 + 11 + 6 = 43. Thus there are as many padding symbols as the media symbols. For a fixed amount of FEC overhead, this results in 

1. Larger FEC packets and hence less number of FEC packets. This results in poor error correction performance, and also 

2. A large fraction (50%) of the FEC overhead is used to protect zero-padding symbols.
For example, suppose 34 symbols of FEC overhead is used for protecting 43 media symbols. They span into 2 FEC packets. F1 and F2 denote the FEC symbols in the following example.

A B C D E
F1 F2

A B C D E
F1 F2

A B C D E 
F1 F2

A B C D E 
F1 F2

A P C D E 
F1 F2

P P C D E 
F1 F2

P P C D P 
F1 F2

P P C D P 
F1 F2

P P C D P 
F1 F2

P P C D P 
F1 F2

P P C D P 
F1 F2

P P C P P 
F1 F2

P P C P P 
F1 F2

P P C P P 
F1 F2

P P C P P 
F1 F2

P P C P P 
F1 F2

P P C P P 
F1 F2

However, if we bend the largest codeword and make it span across multiple columns, the total amount of padding will be reduced significantly.

The number of rows can be advantageously chosen close to the average packet size in the source block, subject to the constraint that the total number of columns (source & fec) does not exceed 255. 

The following figure illustrates this hybrid-padding approach for the above example. A, B, C, D, E denote source symbols. P denotes padding symbols. The total number of padding symbols is 2+3+4+3+1 = 13. This is only one third of the total number of media symbols in the block. For a fixed amount of FEC overhead, 

1. Medium size FEC packets and hence more FEC packets, and 

2. a small fraction (25%) of FEC overhead are used for protecting zero-padding symbols.

If 34 symbols of FEC overhead are used to protect 43 media symbols, then they can span into 5 FEC packets. F1, F2, F3, F4, F5 denote FEC packets in the following example.

A B C C C D D E F1 F2 F3 F4 F5

A B C C C D D E F1 F2 F3 F4 F5

A B C C C D D E F1 F2 F3 F4 F5

A B C C P D D E F1 F2 F3 F4 F5

A P C C P D P E F1 F2 F3 F4 F5

P P C C P D P E F1 F2 F3 F4 F5

P P C C P D P P F1 F2 F3 F4 F5

6. Conclusion

We presented a complete specification of the use of systematic RS codes for providing application layer FEC for MBMS streaming and file download services.

· In this contribution, we have proposed a hybrid-padding approach for efficient source blocking of variable size RTP packets. This approach reduces the total amount of zero padding and still has low decoding complexity for variable size RTP packets. We believe that in most of the cases, modern media encoders can generate rather constant size packets. Therefore, the cost of any possible padding is minimal.

· In our previous 3GPP contribution [7], we have shown that by using block interleaving over the entire file with RS codes, their performance is comparable to LDPC family codes for MBMS download services. 

· In [7], we have also demonstrated that the decoding complexity of RS codes for MBMS download services is manageable on a current Nokia mobile terminal. 

We propose that if a single FEC code is selected for both streaming and download applications, RS codes as described in this document be adopted for both delivery methods. 
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