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1. Introduction
In TDoc S4-AHP121 [1] Bamboo MediaCasting described to use a two dimensional FEC scheme for packet loss recovery in MBMS using Reed Solomon codes. Although these codes have optimal erasure correction capability for a single codeword (max. 255 encoding symbols for RS codes on GF(28)), 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. 

Here, this principle will be extended to the n-dimensional case and simulation results will be presented. The proposed scheme can be used efficiently for download and streaming services and fits to the respective architectures.
2. Multidimensional 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. 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. 

This concept can easily be extended to 3 and more dimensions. Fig. 2 shows a three-dimensional protection. Instead of planes we have now cuboids, i.e. one source cuboid and 3 parity cuboids P0 , P1 , and P2 . P0 protects the horizontal bars, P1 the vertical bars, and P2 the depth bars of the source cuboid.

For the n-dimensional case we have one n-dimensional source cuboid and n n-dimensional parity cuboids.
The total amount of FEC overhead R is calculated by

R = ℓ0 k1 k2 … kn-1 + k0 ℓ1 k2 … kn-1 + . . . k0 k1 k2 … ℓn-1
(2)
Note, that the inequality (1) must hold for all directions.
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Fig. 2 Three-dimensional FEC protection of source symbols

Note, that there is much flexibility in the choice of the ki and ℓi . In case the number Nss of source symbols cannot be factorized into appropriate numbers ki an appropriate larger number N can be used for the product of all ki . The empty positions are than padded with 0 for the calculation of the RS codes, but these padding symbols must not be transmitted to the receiver. To avoid correction inefficiency, the padding should be kept small. 
It's also important to note that it is not required to have parities in each direction. Depending on the choice of the ki it is sometimes advantageous to have no parities in one or more directions. In fact, the conventional interleaved approach for FEC with RS codes (matrix approach) is a special case of 2D with ℓ0 = 0. 
3. Applicability to MBMS download
This concept allows protecting large data volumes in a compact way. In practical cases 3 dimensions are sufficient even for large files. The multidimensional approach allows to reduce the codeword length of the RS-codes. If one use RS 64 codes instead of RS 256, the computational burden is reduced substantially. This means one can use RS(63,K) codes, K < 63. For a reasonable number of parities ℓi the ki could in the region of 50, which means one can protect up to 125,000 symbols in the 3D case. For a symbol length of 512 Byte this would be a file as large as 64 MByte.
4. Applicability to MBMS streaming
For streaming, one is obviously not faced with large encoding blocks as their size determines the maximum delay. However, we may have smaller encoding symbol sizes. In fact, for RTP streaming, the RTP packet sizes may vary for some services (e.g. for video services). Padding could be used to the maximum RTP packet size within one encoding block [2], but this is not an optimal solution as it wastes error correction capabilities. To reduce this waste, RTP packets can be segmented into equal length source symbols of reasonable size, e.g. 32 bytes. Considering a media stream of 48 kbps and a delay of 5s, we have in this case about 1000 source symbols in one source block, which is enough to apply a 2D FEC protection.
5. Complexity issues
5.1 Computational effort

The multidimensional FEC approach allows reducing the code word length for RS-codes. It has been demonstrated in [3], that there is a substantial reduction in computational effort to be spent for decoding when using RS64 codes instead of RS256 codes. Moreover, distributing the overhead in two or more dimensions, the number of parities in each rows is reduced as well, which corresponds to less erasures to be corrected. 

But one could fear, that the iterative decoding process would lead to an excessive increase of the decoding work. This is definitely not the case because RS decoding is performed during the iterative process along a row in the n-dimensional cuboid only then, when the decoding condition is fulfilled, i.e. when along this row the number of correctly received encoding symbols is equal or greater than the respective ki .
A practical solution for the checking of the decoding condition would be to use a flag array, which is arranged in exactly the same way as the source cuboid and the n parity cuboids. These flags are set to 0 when the respective encoding symbols are successfully received and to 1 when in case of losses (or vice versa). The decoding condition is fulfilled when the number of zeros (or ones) is equal or greater than the respective ki .
5.2 Memory access

Besides the computational effort the memory access is an important issue. As for download all the data will be stored on external memory, which may has slow access for read and write, it is important to know many read and write cycles are necessary for the iterative decoding. As the array of flags is small (less than 1kByte for a 3MByte download file) it can be kept in the main memory and decoding checking can be done without access to the external memory. However, for the reconstruction of lost source symbols in a row where the decoding condition is fulfilled, ki symbols have to be read from the external memory, while the number of symbols to be written into the memory after decoding is equal to the number of recovered source symbols in that row.
6. Simulation results of MBMS download
We consider the case of a download of a 3MB file (i.e. 3 • 220 Bytes) over a 64 kbps UTRAN bearer, 80 ms TTI (i.e. 640 Bytes PDU length). For the SDU size we consider 640 Bytes for SDU – PDU alignment and 512 Bytes without any alignment. RS64 codes are used for all simulations. PDU error patterns are generated according to the user classification described in Section 9.1 of [4]:
Class     PDU BLER [%] Handover per minute
1            0.1                0
2            1                  0
3           10                  0
4            0.5                1
5            5                  1
6            1                  3
The weighting vector of these classes is given by W = {0.2, 0.5, 0.04, 0.2, 0.01, 0.05} , for the cell change interruption time 1s has been used. For each class 1000 simulations have been performed.
To demonstrate the efficiency of the multidimensional protection method, a comparison with an interleaved one-dimensional protection is made. The following diagrams show the percentage of unsuccessful decoding after the first iteration, after the final iteration, for the ideal case and for the 1D- case. It can be seen, that in the multidimensional case, converges faster to perfect reconstruction as for the 1D case, where there are still some remaining unsuccessful decodings at substantially higher FEC overhead. 
In addition, the ptp repair effort is shown for a group of 1000 user distributed over the 6 classes according to the weighting vector W .   
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Fig. 3: Parameters for 2D iterative protection (no protection in direction 0):

SDU_size = 640 bytes aligned to PDUs

k0 = 3, k1 = 40, k2 = 44, ℓ0 = 0, ℓ1 = 0, 1, … , 6, ℓ2 = 0, 1, … , 6

perfect reconstruction at ℓ0 = 0, ℓ1 = 4, ℓ2 = 4, corresponding to 19% overhead

for comparison: 1D protection in direction 2
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Fig. 4: Parameters for 2D iterative protection (no protection in direction 0):

SDU_size = 556 bytes, no alignment to PDUs

k0 = 4, k1 = 32, k2 = 48, ℓ0 = 0, ℓ1 = 1, 2, … , 8, ℓ2 = 2, 3, … , 10

perfect reconstruction at ℓ0 = 0, ℓ1 = 6, ℓ2 = 8, corresponding to 35% overhead

for comparison: 1D protection in direction 2
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Fig. 5:
Same parameters as for Fig. 4, more detailed presentation for the lower values of unsuccessful decodings

	Method
	Max. number of rows to correct (Matrix invers.)
	Max. number of Read-Cycles from ext. mem.
	Max. amount of data to be read from ext. mem.
	Max. number of Write.Cycles to ext. memory

	2D
	311
	11952
	6.12 MB
	1256

	RS256-1D
	32
	6144
	3.15 MB
	1225


Tab. 1 Complexity figures for the worst case of all simulations with SDU-size 556 Bytes
Note, that perfect reconstruction for all simulations is achieved at 35% overhead, but already at 30% overhead there are only 0.2% of the user are failing to recover all data by FEC. Obviously, ptp repair would be more appropriate in this case than spending 5% more overhead. From a practical point of view, 30% overhead would be sufficient, which is only 5% more than for the ideal case. The parameters for this are ℓ0 = 0, ℓ1 = 5, ℓ2 = 7.
7. Conclusion
First simulations have shown, that multidimensional protection with short Reed Solomon codes perform significantly better than one-dimensional RS protection for MBMS download services when nearly perfect reconstruction is targeted. For lower protection, the 1D protection performs sometimes better. The reason for this is, that in the multidimensional case for lower protection only a very few parities in each direction are available. This multidimensional approach offers several advantages:
· it is a generalization of the one-dimensional protection

· it can be used for any other systematic codes

· there is reduced complexity compared to longer RS codes

· it is close to perfect error correction capability

· it is applicable to download and streaming

· 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 [5], no additional effort have to be spent for this feature
· is compatible to the agreed FEC architecture for download and to the proposed architecture for streaming [6]
· meets the requirements of Doc. [7] 

· and last but not least: multidimensional FEC protection is a well known feature since decades [8]. 

Proposal:

adopt the multidimensional approach as working assumption for MBMS download and streaming services.
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