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1. Introduction

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

2. RS Code Construction

An RS code can be described by the parameters block length N, dimension K, symbol length n (in bits/symbol), the code generator polynomial g(x) and a field generator polynomial p(x). The block length and the symbol length are related as 
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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 a mandatory requirement [12]. For MBMS download applications, systematic FEC is recommended. Here it is provided the specification for a systematic RS code. 

A (N, K) systematic RS codeword consists of K source symbols and (N-K) repair 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, whose 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. It is recommended to use 1-byte symbols for MBMS. RS codes of shorter 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) code obtained from a (N, K) mother code; a shortened code is a (N-L, K-L) code obtained from a (N, K) mother code. With the software implementation [1] of RS-FEC code over GF(256) , it is possible to obtain an RS code of any shorter block length and dimension with a granularity of 1.

The encoding and decoding algorithms are presented with simple examples in [8]. In this document, these algorithms are summarized. For more details refer to [1,8].

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 sub matrix.

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 symbols in the message vector are recovered.

5. Packetization, Source-Blocking and Interleaving for MBMS download services

2-D RS codes can use shorter block lengths in each dimension, thus reducing the decoding complexity. The loss in performance due to the use of shorter block lengths is compensated by FEC protection along two dimensions. 

Source blocking for 2-D RS codes is described below. Figure 2 illustrates the source blocking for 2-D RS codes.
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Figure 1: Source-blocking for 2-D RS Codes. Each element is a packet of size S bytes. Each row OR column is equivalent to a source block of 1-D RS code shown in Figure 1.

i. Determination of the dimensions of the 2-D grid. 

Determine KK, the total number of source packets in the file as explained in section. 

Define L1 = N1 – K1, the number of repair packets along each row.

L2 = N2 - K2, the number of repair packets along each column.

Select K1 and K2, such that K1 ( K2 ≥ KK. 

Select the FEC overhead in each direction:
 
OH1 = L1 / K1
 
OH2 = L2 / K2. 


The total FEC overhead OH is then given by 


OH = (L1 ( K2 + K1 ( L2) / (K1 ( K2).

Determine N1 and N2. 

Use the RS code over GF(256) in both directions. Thus the symbol size is 1-byte even though N1, N2 are less than 255.

The RS code parameters (N1, K1) and (N2, K2) shall be signaled as part of the FEC-Object Transmission Information.

ii. Generation Source and Repair Packets

Arrange source packets in a two dimensional grid. Each element in the grid is a source packet that protrudes in the third dimension. 

The (N1, K1) RS code is first applied along the rows, and then (N2, K2) RS code is applied along the columns of the 2-D grid.

Each symbol of the source packet undergoes exactly same encoding process in order to generate the repair symbols that form the repair packets.

From each row of K1 source packets, (N1-K1) = L1 repair packets are generated and appended to that row of the source block.

Thus there are K2 rows of N1 packets each.

Now from each column of K2 source packets, (N2-K2) = L2 repair packets are generated and appended to that column of the source block.

Thus there are K1 rows of N2 packets each.

iii. Determination the FEC Payload ID

The (SBN, ESI) pair of source and repair packets is determined as follows:

Very large files may be split into more than one 2-D grid. SBN field in the FEC payload ID indicates the specific 2-D grid to which the packet belongs.

The ESI of the packet identifies the position of the packet within the 2-D grid. 

Since the codeword lengths N1 and N2 are limited to 256, utmost two octets are sufficient to describe the row and column indices of the packet. The first octet shall indicate the row-index and the second octet shall indicate the column-index.

iv. Packet Transmission Schedule

The transmitter shall send the source and repair packets in a random order. At the receiver, (SBN, ESI) pair uniquely identifies the position of any packet in the 2-D grid in the respective encoding block. Random transmission order mitigates the effect of bursty losses due to cell changes. It is observed to significantly improve the performance of 2D-RS codes.

v. Receiver Operations

The receiver forms the 2-D grid with all the received packets using the (SBN, ESI) pair of each received packets. 

(a) Along each row, it determines if all source packets are received. If any source packet is missing in a row, it determines if there are at least K1 received packets in the entire row. If possible, it decodes that row to determine the missing source packets. It repeats this step on all rows. 

(b) Along each column, it determines if all source packets are received. If any source packet is missing in a column, it determines if there are at least K2 received packets in the entire column. If possible, it decodes that column to determine the missing source packets. It repeats this step on all columns. 

(c) Repeat step (a) and (b) until all source packets (excluding 0-padding packets) are recovered OR no more source packets can be recovered.

(d) The order of steps (a) and (b) can be chosen advantageously to reduce the decoding complexity. For example, the decoder may choose to first decode along the shorter dimension. 

6. Packetization and Source Blocking for MBMS streaming services

a. Fixed size RTP packets

For fixed size RTP packets, the source-blocking scheme shown in Figure 2 can be used. This scheme is, for example, applicable for FEC protection of audio data. 

                     A single source block is shown in Figure 2.
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Figure 2: Source-blocking for applying RS-FEC to fixed size source RTP packets

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

The matrix inversion (in decoding) 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 (in decoding) for all rows of RS code words. Since the cost of matrix inversion is amortized over a large number of rows, the decoding complexity is very low. 

b. Variable size RTP packets

      Simple-padding

Modern media encoders with state-of-the art rate control are capable of producing rather constant media payload sizes. For example, the length of the packets can be within –X% of the target packet size. For such cases, the shorter packets are zero-padded so their length becomes equal to the target packet size. This reduces the number of media bytes in the source block by an average of X/2 %. 

Assume the same number of repair packets are used to protect the media packets in (1) fixed length media packets (2) variable length media packets. The resultant FEC overhead increases on an average by X/2 % when compared to the case of fixed length media packets.

This approach retains the low complexity property of the source-blocking scheme for fixed-length packets.

Hybrid-Padding 

For variable size RTP packets with large variation in packet size, the encoding block can be formed by a hybrid-padding approach described below:

This is a hybrid of RS-padding [14] and RS-matrix [14] 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 

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

ii. 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, 

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

iv. A small fraction (25%) of FEC overhead is 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

Hybrid padding reduces the padding to the maximum extent possible while retaining the low complexity property of RS-simple-padding. The decoding involves only one matrix inversion per source block because all rows have the same lost symbol positions.

However, for a 64 kbps bearer service and a delay of 5s the column length cannot be less than T=156 Bytes because of the limitation of N<=255. For lower data rates and/or shorter delays lower column lengths are possible. In fact, the lower bound of the length T is given by



T ≥ R ( d / 2.04,

where R is the bearer bit rate in kbps and where d is the delay in seconds. Note, that this is a weak bound since this formula doesn't take the RTP/UDP/IP header overhead into account. 

In case of R = 64 kbps and d = 5s, the padding in any column can range from 0 to 156 Bytes. This may result in an average padding of T/2 = 78 Bytes per packet for a random packet size distribution.

The necessary signaling to support hybrid padding or simple-padding is performed according to the payload format specification document [12]. In the following subsections, we indicate how the FEC framework of [12] can be adapted to support RS hybrid padding.

c. Transmitter Operation

· Determine the column_length. The shortest column length possible depends on the source block length and the fact that number of total columns N <= 255. The column length may be chosen as the average source packet length or it could be chosen in such a way as to minimize the padding wastage subject to the constraint that resulting total number of columns N<=255. This value depends on the local packet size distribution.

· Determine the number of Repair columns. It depends on the FEC overhead and the column length. 

      Repair columns = FEC overhead in bytes / column length.

· Determine the maximum possible number of source columns.

      Max_source_columns = 255 – Repair columns

· Prepend “PacketLength” field to the source packet and insert it into the source block. After FEC encoding, this field is stripped off the source packet before sending the packet. 

· Each source packet shall start with a new column in the source block. If the packet length is not a multiple of column_length, append padding symbols till the end of the column.

· Padding symbols are used only to compute the repair packets. The padding symbols are stripped off the source packets before sending the packets.

· Depending on the local packet size distribution, insert as many source packets as possible into the source block, provided the number of source columns is less than the maximum source columns

· Determine the actual number of source columns K and the number of Repair columns (N-K).

· Apply a (N, K) systematic RS code on the K source columns to generate (N-K) repair columns.

· Determine the size of the repair RTP packets. The repair RTP packet size shall be made an integer multiple of column_length.

· As repair RTP packet length is reduced, the header overhead increases, but it helps in improving the FEC performance. On the other hand, if large repair RTP packets were used, the loss of a single repair packet results in a loss of multiple repair columns. This results in a poorer FEC performance. Thus there is a tradeoff in the choice if the repair RTP packet size.

· Determine the FEC payload ID for each source RTP packet as follows: 

      SBN = source block number

      ESI = starting column number

· Determine the FEC payload ID for each repair RTP packet as follows:

     SBN = source block number

     ESI = starting column number of the repair packet

     N =EBL = Total number of columns

     K = SBL = Number of source columns

     T = column_length

· Note that in this scheme, N and K are adapted from source block to source block in order to match them to the local packet size distribution. Thus N, K must be signaled in-band in all repair packets. 

· Even if one repair packet of the source block is received, the decoder will have enough information about the FEC parameters. If no repair packets are received, the FEC parameters are unnecessary since no decoding is attempted.

d. Receiver Operation

· Receive and buffer all packets belonging to a source block based on the SBN

· If any missing source RTP packet is detected, for example by a break in the SN series, look for any repair packets that have the same SBN.

· If any repair RTP packets are available, determine the dimensions of the source block by reading the FEC payload ID of any of the repair packets.

· Form the source block, with possible missing columns due to lost source and repair packets. The field ESI (= starting column number) of the source and repair packets can be used to form the source block.

· Before inserting the source RTP packets into the source columns, determine the “PacketLength” and prepend it to the source columns. This is useful in the length recovery of the recovered source packets. 

· Count the number of missing columns. If it is less than (N-K), decoding is possible. 

· If possible, decode and recover the missing source columns. 

· The first two bytes of the recovered packet will have its “PacketLength”. Starting from the third byte, read out exactly “PacketLength” number of bytes from the recovered source columns. Discard the rest of the symbols in that column since they are padding symbols.

                        The RTP processing of source and parity packets is performed according to the guidelines 

                        provided by [12].

e. Large source blocks for high streaming bit rates and longer protection periods

For high bitrates (e.g., higher than 128 kbps) and longer protection periods (e.g., longer than 5s), block interleaving can be used. Though longer protection periods result in longer tune-in delay and longer channel-zapping delays, block interleaving can provide protection against bursty losses due to cell changes.
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Figure 3: FEC for large source blocks resulting from high bearer bitrates and long protection period (1) Divide the large source block into small source blocks with N<=255 (2) Block interleave among the small source blocks within a protection period
For example, consider the case of UTRAN 384 kbps bearer and 20s protection period. The source block size in this case is 384000*20/8 = 960 Kbytes. Assuming a target packet size of 1000 bytes was used, this results in 960 packets. This large source block of 960 packets is divided into 4 small source blocks of 240 packets each. Each source block is RS encoded independently. However, the media and repair packets of the small blocks are transmitted in a block-interleaved order. This is to make sure the bursty losses due to cell changes do not wash out small source blocks.

7. 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.

· We proposed a 2-D RS code coupled with random transmission order for providing FEC for MBMS file download service

· For MBMS streaming services, we proposed a hybrid-padding approach for efficient source blocking of variable size RTP packets. This approach reduces the total amount of 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.

· The decoding complexity of the 2-D RS codes is significantly reduced by using short RS codeword length in each dimension. The loss in erasure correction performance due to short codeword lengths is compensated by encoding along rows as well as columns. The 3GPP contributions [10,11,15] present simulation results to demonstrate the performance of 2-D RS codes for typical MBMS file download use cases. 

· In [7, 13, 15], we have also demonstrated that the decoding complexity of RS codes for MBMS download services is manageable on a contemporary Nokia mobile terminal. 

We propose that Reed-Solomon codes as described in this document be adopted as FEC for both download and streaming delivery methods for MBMS Rel. 6. 

8. References

[1] L. Rizzo, Effective erasure codes for reliable computer communication protocols. ACM Computer Communication Review, 27(2), Apr. 1997.

[2] Roth R, Seroussi G, On generator matrices of MDS codes (Corresp.), Information Theory, IEEETransactions on, Vol.31, Iss.6, Nov 1985, Pages: 826- 830

[3] Stephen B. Wicker, Vijay K. Bhargava, Stephen B Wicker and Vijay K. Bhargava, "Reed-Solomon Codes and Their Applications", John Wiley & Sons, 28 September 1999.

[4] J. Bloemer, M. Kalfane, M. Karpinski, R. Karp, M. Luby, D. Zuckerman, An XOR-Based Erasure-Resilient Coding Scheme. ICSI TR-95-048, Technical report at ICSI, August 1995.

[5] http://info.iet.unipi.it/~luigi/vdm.tgz
[6] http://www.icsi.berkeley.edu/~luby/cauchy.tar.uu
[7] 3GPP SA4#32, FEC for MBMS download and streaming services: Reed-Solomon codes - Case Study, (S4-040471), Prague, Aug 2004

[8] 3GPP TSG RAN WG1 #33, Outer Coding for MBMS, (R1-03-0853), New York, Aug 2003

[9] Phil Karn, http://www.ka9q.net/code/fec/
[10] 3GPP SA4#6 PSM Adhoc, An efficient puncturing scheme for 2D RS codes, (S4-AHP157), Newbury, UK, Oct 2004 (Bamboo Mediacasting)

[11] 3GPP SA4#6 PSM Adhoc, Multidimensional FEC protection for MBMS download and streaming services, (S4-AHP155), Newbury, UK, Oct 2004 (Siemens)

[12] 3GPP TS 26.346 V1.5.0 (2004-11), Multimedia Broadcast/Multicast Service; Protocols and Codecs (Release 6)
[13] 3GPP SA4#33, Simulation results for the performance and complexity of RS Codes for MBMS FEC, (S4-040735), Helsinki, Finland, Nov 2004 (Nokia)

[14] 3GPP SA4#6 PSM Adhoc, Reed Solomon FEC for MBMS, (S4-AHP171), Newbury, UK, Oct 2004 (Nokia)

[15] 3GPP SA4#34, Simulation results for the performance and complexity of RS Codes for MBMS FEC, (S4-050xxx), Lisbon, Portugal, Feb 2005 (Nokia)

�      	Ramakrishna Vedantham�Nokia Research Center, Mailing Address: 6000 Connection Drive, Irving TX 75038, Email: Ramakrishna.Vedantham@nokia.com.


	


	Igor D.D Curcio


	Nokia Corporation, P.O. Box 88, 33721 Tampere (Finland), Tel. +358 71 800 8000, Email: igor.curcio@nokia.com.











_1161702581.unknown

_1162218284.doc
		


		DOCUMENTTYPE

		

		1 (1)



		

		

		

		



		TypeUnitOrDepartmentHere

		

		

		



		TypeYourNameHere

		TypeDateHere

		

		







[image: image1.bmp][image: image2.bmp]

Systematic 







RS Codeword







Repair Packet







Data Packet







S







K







N











_935227290.doc







