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Introduction

In this document we give a high level description of the use of outer code for MBMS.  The use of an outer code was first presented in RAN2 in 2002 [1].  The benefits of outer code for the delivery of MBMS content are being evaluated in RAN1 [2]. How outer codes can be used to avoid loss of data during transition between cells and during transition between PtP and PtM is detailed in the companion paper [3].  How outer coding could be introduced in the current Layer 2 model of WCDMA is detailed in another set of contributions [4, 5]
Discussion

Outer coding basics
The outer code we have proposed to use is a Reed Solomon code (RS), which is a particular block code.  Without getting too much in detail we can recall the following from our information theory classes:

A code word of a RS code [N,k] has k information symbols (systematic symbols) and N-k parity sysmbols.  N is the length of the code, and k is the dimension of the code. 
The RS coding is very straightforward:

N-k parity symbols are added to the k systematic symbols to for a code word.  The parity symbols are derived from the systematic symbols by use of a generator matrix Gk×N. 

m1×k  ∙ Gk×N = c1×N
m1×k = Information word = [m0  m1 … mk-1]

c1×N = Code word = [c0  c1 … cN-1]
mi, ci belong to an arbitrary Galois Field

If the symbol of a RS code word can is a bit, we use the Galois Field of dimension 2 to describe the decoding operations, i.e. GF(2), if the symbol is an octet we use the Galois Field of dimension 256, i.e. GF(256).
The RS decoding will be analyzed in one of the following sections.

Example of use of RC codes in MBMS

In the figure below we illustrate how RS codes can be applied to the transmission of MBMS content.
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Fig. 1. RS coding applied to MBMS
In the rest of the document we will refer to the entire set of data at the output of the outer encoder as an encoder packet (EP) or matrix.

Erasure decoding

The RS codes can be used to detect and correct channel errors.  When used in the most general way (detection + correction) the computational complexity becomes quickly impractical, for larger values of N and for higher order GF.

It has been shown [6, 7, 8, 9] that if the decoder already knows which symbols are in error, the reconstruction of the erroneous systematic symbols requires a relatively little amount of computation.

In the case of MBMS transmissions we can use a CRC in each transport channel block, and assume that all the symbols in the block are in error, if the CRC fails.  This is a conservative assumption, but it helps to reduce the computational complexity to an acceptable level.
We can call erasure each symbol belonging to an erroneous block, i.e. each symbol that belongs to a block, whose CRC has failed. As example, the received vector r can be written as:

r1×N = [c0  e  e  c3  c4  e  c6  c8 … cN-1]

where e identifies the erasures.

It can be shown that erasure decoding allows to correct N-k symbols in error.  This is much better than the typical error correction property of RS codes, and it is due to the fact that the symbols, which are not erasures, are assumed to be correct. For our MBMS application of RS codes, the size of the CRC used in each inner block has to be large enough to ensure that the probability of undetected errors does not exceed the residual outer block probability.  For example, if a 16 bit CRC is used in the inner blocks, the lower bound of the residual outer block error rate will be 2-16 = 1.5·10-5
If there are no errors in the first k inner blocks, there is no need to perform RS decoding, since the systematic symbols are identical to the information symbols.

It can be noted that as soon as k block with good CRC are received, the decoding of the outer block can be performed, without waiting for the reception of all the N inner blocks.
In order to perform erasure decoding, the modified gernerator matrix Ωk×k is derived from the generator matrix Gk×N by removing all the columns corresponding to erasures or unnecessary blocks, i.e. only the first k good received symbols are used to identify the modified generator matrix Ωk×k
The original information word m can be recovered as follows:

m1×k = [Ωk×k]-1·ŕ1×k
where ŕ1×k is the modified received vector obtained with the first k good symbols.
The erasure decoding complexity is therefore reduced to the complexity of a k×k matrix inversion.  The table below shows the total number of operations required to decode an MBMS transmission protected with a RS:
	Rate (kbps)
	TTI (ms)
	N
	k
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	Outer block size (KB)
	Computations per second (Kcps)

	64
	20
	16
	12
	1
	2.5
	62.44

	64
	40
	16
	12
	1
	5.0
	61.84

	64
	80
	16
	12
	1
	10.0
	61.61

	64
	40
	16
	12
	2
	2.5
	31.22

	64
	80
	16
	12
	4
	2.5
	15.61

	64
	20
	15
	11
	1
	2.4
	62.21

	64
	40
	15
	11
	1
	4.7
	61.62

	64
	80
	15
	11
	1
	9.4
	61.33


Table 1
Memory Size and Number of computations – GF(256)

Nr is the number of outer block rows spanned by an inner block.  Further details can be found in [10].

Impact of Data Packing on Outer Code Performance

As was shown above, a simple outer-code scheme consists in packing data in PDUs of a given size and running across them a heavily shortened Reed-Solomon code.  After the data has been encoded, there are several ways in which to pack them into TTIs.  In this section we are arguing that the best performance is obtained by transmitting all the data of one encoder packet row and only that in one TTI.

There are really two ways in which encoder packet data can be split into TTIs.  Here, we do not propose to do these but rather we are trying to be exhaustive in our analysis.

Sending Multiple EP rows per TTI
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In this case, the outer code performs as if both k and n were divided by the number of rows per TTI.  Indeed, in that case the errors in rows would be totally correlated.  When looking at the EP error rate versus the TTI error rate, the difference is very appreciable:
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Sending the data in an EP row in multiple TTIs
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In this case, the performance of the outer code is the same.  However, since the outer code code-words are considered vertically, each of the distinct transmission “phases” (four in the illustration above) is going to amount to an independent outer code.  In order for the entire packet to be recovered it would be necessary that all of these independent outer codes decode correctly.  The performance depending on the number of TTIs in which a row is split is:
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Note that the results above do not capture the SDUs which can be re-constructed despite the fact that the EP decoding is un-successful.

The conclusion is that there is a clear advantage to mapping one to one outer code rows and TTIs.  I.e., there should only be data from one EP row in one TTI and one TTI should only contain data from one EP.
Conclusion

This document gives a high level description of the use of outer coding for the MBMS transmission.  Moreover, it quantifies the benefits of RS erasure decoding, a technique that greately simplifies the computational complexity of RS decoding.  Results are provided for a set of possible configuration parameters.  Finally, the memory requirements and the computational requirements of the RS erasure decoding are provided.
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