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1. Introduction
In TDoc S4-AHP179 [1] we presented a multidimensional FEC scheme for packet loss recovery in MBMS using Reed Solomon codes. Here we present some additional results for smaller files and for longer cell change interruptions. 

Reed Solomon codes have optimal erasure correction capability for a single codeword (max. 255 encoding symbols for RS codes on GF(28)), but they are less efficient for the protection of large files as these files have to be partitioned into smaller blocks. According to the unequal distribution of erasures in these blocks, the number of parities required for perfect reconstruction is larger than the total number of erasures. With a multidimensional protection, decoding is performed iteratively, i.e. rows and/or columns where decoding fails for the first time, may be corrected after some iterations. It has been shown, that the required overhead for perfect reconstruction of large files is less than for 1D protection. In addition, despite the iterative decoding process the computational effort for decoding is smaller, because of the shorter RS codeword length.

The situation is obviously quite different for smaller files where the data could be spread over a very few 1D encoding blocks. Then the expected variation of erasures will also be smaller, while for the 2D case there are only a very few parities left in both directions for a given FEC overhead. However, the behavior could be improved by using a 2D puncturing scheme [2].
From a practical point of view for MBMS, the restriction to two dimensions is sufficient. In fact, using in both directions about 200 Bytes of the 255 Bytes codeword length for source information one source block could be as large as 40,000 packets corresponding to a file size of 20 MByte in case of 500 Bytes for the payload length of the data packets. Including FEC overhead, the transmission may last longer than 1 hour over a 64 kbps UTRAN bearer. In case there are even larger files to be transmitted, they can be segmented in a few smaller source block without the need to provide protection in the third dimension.
2. 2D FEC protection

First of all, we will recall in Fig. 1 the two-dimensional case. This figure shows a plane of source symbols, each of them may be either an entire source packet or a segment thereof. Here we consider an entire packet as a single symbol although the underlying FEC algorithm is operating on a small fragment of such a symbol. 

All the symbols have the same length. Each row of this plane consists of k0 entries, and there are k1 rows in this plane. All the source symbols are filled row by row into this plane. Each row is protected by ℓ0 RS parity symbols, which are computed from the respective source symbols. These parity symbols form a parity plane P0 of k1 rows and ℓ0 columns. All parity symbols have the same length as the source symbols. The parity symbols will be arranged in parity packets usually in the same way as the source symbols in source packets. 
In addition to the protection of the rows, the columns of the source plane are protected in the same manner by a parity plane P1 of ℓ1 rows and k0 columns. 

The transmission of the source and parity packets can either be done such that first all source packets and then all parity packets are transmitted or in such a way that after each transmission of an entire row of source packets an entire row of parity packets from plane P0 is transmitted. In the latter case, after transmission of the entire source plane and the entire parity plane P0 the symbols of parity plane P1 are transmitted row by row.
In case of packet loss, the source symbols of a row can be recovered if the number of correctly received symbols in an entire row of the source plane and the adjacent parity plane P0 is at least equal to k0. Similarly, the source symbols of a column can be recovered if the number of correctly received symbols in an entire column of the source plane and the adjacent parity plane P1 is at least equal to k1. If for some rows and columns the recovery fails, the correction can be repeated by an iterative process.
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Fig. 1 Two-dimensional FEC protection of source symbols
For RS-codes on GF(28) the requirements 


ki + ℓi = ni ≤ 255 for i = 0, 1
(1)
must hold. 

3. Simulation results of MBMS download
We consider the case of a download of a 3MB file (i.e. 3 • 220 Bytes), a 1MB file, and a 300kB over a 64 kbps UTRAN bearer, 80 ms TTI (i.e. 640 Bytes PDU length) and compare 1D RS codes with a maximal codeword length of 255 bytes with 2D RS codes with a maximal codeword length of 63 byte. Note, that in the latter case it would be possible to use a smaller finite field, i.e. GF(26). However, from a practical implementation point of view, we propose to use RS codes on GF(28) in any case.

For the SDU size we consider 512 Bytes without any alignment. PDU error patterns are generated according to the user classification described in Section 9.1 of [3]. Here we present the results separately for classes 3 and 5 where we have heavy losses:
Class     PDU BLER [%] Handover per minute
3           10                  0
5            5                  1
For each class 1000 simulations have been performed.
The following results show, that for the small file, the 1D RS protection performs better, while for the 1MB file 2D is slightly better and for 3MB, 2D is clearly better.

In all simulation diagrams we have included:

· the performance after the first iteration. It turns out that for high error classes 3 and 5 the probability of perfect reconstruction for reasonable FEC overhead is in most case near to zero.

· the final performance, i.e. when the decoding procedure gets stuck – more precisely, when the number of corrected symbols during one iteration is zero.
· the ideal performance, i.e. the performance of an ideal one-dimensional FEC erasure code.

· and the performance of a 1D RS protection with regular interleaving over subsequent encoding blocks.

The lower diagram in each figure shows the behaviour near perfect reconstruction in more detail.
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Fig. 2:
Simulation results for 3MByte, class 3
 
Parameters for 2D iterative protection (no protection in direction 0):

SDU_size = 512 bytes 

k0 = 3, k1 = 45, k2 = 46, ℓ0 = 0, ℓ1 = 0, 1, … , 8, ℓ2 = 0, 1, … , 8

for comparison: 1D protection in direction 2
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Fig. 3:
Simulation results for 3MByte, class 5, 1s cell change interruption
 
Parameters for 2D iterative protection (no protection in direction 0):

SDU_size = 512 bytes 

k0 = 3, k1 = 45, k2 = 46, ℓ0 = 0, ℓ1 = 0, 1, … , 8, ℓ2 = 0, 1, … , 8

for comparison: 1D protection in direction 2
[image: image6.emf]0,00%

20,00%

40,00%

60,00%

80,00%

100,00%

120,00%

15,00% 20,00% 25,00% 30,00% 35,00% 40,00%

FEC overhead

percentage unsuccessful decoding

1st iter.

final

ideal

1D prot.


[image: image7.emf]0,00%

2,00%

4,00%

6,00%

8,00%

10,00%

12,00%

14,00%

16,00%

18,00%

20,00%

15,00% 20,00% 25,00% 30,00% 35,00% 40,00%

FEC overhead

percentage unsuccessful decoding

1st iter.

final

ideal

1D prot.


Fig. 4:
Simulation results for 3MByte, class 5, 3s cell change interruption
 
Parameters for 2D iterative protection (no protection in direction 0):

SDU_size = 512 bytes 

k0 = 3, k1 = 45, k2 = 46, ℓ0 = 0, ℓ1 = 0, 1, … , 8, ℓ2 = 0, 1, … , 8

for comparison: 1D protection in direction 2
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Fig. 5:
Simulation results for 1MByte, class 3
 
Parameters for 2D iterative protection (no protection in direction 0):

SDU_size = 512 bytes 

k0 = 45, k1 = 46, ℓ0 = 0, 1, … , 8, ℓ1 = 0, 1, … , 8

for comparison: 1D protection in direction 1
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Fig. 6:
Simulation results for 300KByte, class 3
 
Parameters for 2D iterative protection (no protection in direction 0):

SDU_size = 512 bytes 

k0 = 24, k1 = 25, ℓ0 = 0, 1, … , 8, ℓ1 = 0, 1, … , 8

for comparison: 1D protection in direction 1
Discussion:
· For large files (> 1MByte) 2D RS protection shows better performance, while for smaller files, there are only a very few encoding blocks for RS coding required, then 1D RS protection performs better.

· For longer interruptions, the performance of 2D protection degrades when packets are sent out in sequential order, while for 1D protection sequential order with regular interleaving over the encoding blocks is optimal. The performance of 2D protection will be improved by random or diagonal interleaving.
4. Conclusion
Simulations have shown, that 2D protection with short Reed Solomon codes perform significantly better for large files than one-dimensional RS protection for MBMS download services when nearly perfect reconstruction is targeted. For small files, the 1D protection performs better. This 2D approach offers several advantages:
· it is a generalization of the one-dimensional protection

· there is reduced complexity compared to longer RS codes

· it is close to perfect error correction capability

· only a few additional parameters have to be transmitted to the receiver (ki and ℓi)
· it enables the UE to start decoding during download
· it enables the user to obtain an early replay feature [4], no additional effort have to be spent for this feature.
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