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Outer coding in the RLC for MBMS

1 Introduction

At GERAN#16 a proposal to apply additional FEC at the RLC layer for MBMS was introduced [1]. In the paper, outer codes were applied to each RLC/MAC block and the parity symbols interleaved over several RLC/MAC blocks. In this paper a slightly different method of applying outer codes at the RLC layer is considered. Furthermore, a flexible scheme using shortened and punctured codes relying on a single mother code is presented. A comparison is made with the repetition redundancy (including soft combining) schemes considered so far [3]

 REF _Ref47416217 \r \h 
[4].

A number of the 3GPP working groups are also considering FEC for MBMS within different parts of the network:

· SA4 are looking at introducing FEC at the application level. In [5] and [6], outer coding applied at the BM-SC has also been considered. One situation where it would be useful to have outer coding at the BM-SC is to reduce packet loss at cell reselection
.

· RAN WG1 is studying outer coding at the RLC layer based on Reed-Solomon codes [7]. Simulation results have been presented [8] and demonstrate a benefit in terms of a reduced Ec/Ior required to achieving a target BLER. Apart from improvements in the SDU FER, it may also be possible to reduce packet loss at cell-reselection, as discussed in [9], although this may require a FEC layer to be introduced [10].

2 Reed-Solomon coding

Reed Solomon codes are non-binary cyclic codes and are particularly useful in correcting burst errors. The codes are defined by the following parameters

(N, K) = (2m –1, 2m – dmin)

where m is the number of bits per symbols; the block size is N symbols, with K systematic information symbols and N–K parity symbols. dmin = 1,…,2m-1 is the minimum distance of the Reed-Solomon code. Reed-Solomon codes are used in many applications because they have as large a minimum distance dmin as any other code (maximum distance separable, MDS). The symbol error correction probability of the code can be determined as
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For example, a code constructed using 8-bit symbols and capable of correcting up to 10 symbols will have N = 255, K = 235 and dmin = 21, such that t=10. 

If symbol erasures (i.e. when the location of errors is known) are considered, then a Reed-Solomon code with N-K parity symbols is capable of correcting s erroneous symbols and r erased symbols provided that the following condition is met:

2s + r  ≤ dmin – 1 = N - K

The performance for a channel with statistically independent symbol errors occurring with probability p is briefly discussed in the following. When only symbol errors are considered, the performance [11] of m-bit symbol Reed-Solomon code (N, K) is approximately given by 
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where PE is the symbol error probability after decoding and p is the symbol error probability before decoding.

On the other hand, if only symbol erasures are considered (i.e. the receiver knows the location of all errors) up to n-k symbols can be recovered and PE is given by
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(the only difference with the previous equation is that the summation runs from dmin rather than t+1).

Reed-Solomon codes can be shortened while still maintaining the error correcting properties of the code. For example, a (N=255,K=230) code could be shortened to a (n=200,k=175) code. To achieve this 55 dummy symbols (equal to zero) are inserted at the transmitter before encoding. Of the 255 symbols generated by the encoder, only the first 175 systematic symbols and 25 parity symbols are transmitted. The 55 dummy symbols are discarded. At the receiver the 55 dummy symbols are then reinserted into the received block before decoding. While the distance properties of the code remain unchanged, shortening the code allows the block size to remain independent of the code size (N), which is a restriction imposed by m.

In addition, Reed-Solomon codes can be punctured. For example, from a fixed code with parameters (N, K) any code (n, K) with K≤n≤N can be generated by discarding N-n symbols of the N code symbols. Usually, the last N-n symbols of the code word are not transmitted. The discarded symbols are treated as erasures at the decoder such that the correction capability of the code decreases, while the code rate and therefore the efficiency increase.

In summary, with a single mother code defined by (N=2m-1, K), any code (n, k) with k≤n≤N and 1≤k≤min(K,n) can be generated by using a single encoder (fixed to RS(N,K) ), a single decoder, and applying the simple operations puncturing and shortening. The single encoder and the single decoder operate on the mother code (N=2m-1, K), where N is selected as 255 and K has to be specified appropriately. The minimum distance for this modified code results in

dmin = n– k + 1,

the residual codeword erasure probability PW is given as
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and, the residual symbol error probability can be estimated as
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3 Outer coding for MBMS

In this section outer coding at the RLC layer is considered. As in [7], in this analysis the outer Reed-Solomon coding is applied to a sequence of RLC/MAC blocks, column-wise as shown in Figure 1.
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Figure 1: Outer coding applied at the RLC layer

Each symbol of the code consists of 8 bits, i.e. m = 8. Thus, for MCS-1 RLC/MAC blocks, 22 RS coding operations are applied to the sequence. The outer coding generates n-k parity symbol frames from k systematic blocks, which are transmitted separately and reduce the throughput by a factor of k/n, where n is the length of the code block. At the receiver, the RLC checks whether each block is in error using the CRC information provided by Layer 1. If a block is found in error, the block is discarded, and in each of the 22 RS codewords the symbol corresponding to that RLC/MAC block is erased.

As an example let us assume MCS-1 carrying a payload of 22 octets. Then 23 RLC/MAC blocks are required to transport an SDU of 510 octets (including LLC and SNDCP headers (10 bytes
)). Using the following relationship:
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the required probability of symbol error, after RS decoding, for target SDU error rates of 10-2 and 10-3, are 4.3688·10-4 and 4.3688·10-5, respectively with MCS-1. PE, in this context, can also be referred to as the “outer code BLER” i.e. the BLER after RS decoding. The BLER before the decoding of the outer code is the “inner code BLER” or the BLER at the RLC layer. The target outer code BLER for MCS-1 and MCS-3 are summarised in Table 1.

	
	MCS-1
	MCS-3

	Target outer code BLER for SDU FER of 1%
	4.3688·10-4
	7.1762·10-4

	Target outer code BLER for SDU FER of 0.1%
	4.3688·10-5
	7.1762·10-5


Table 1:  Target ‘inner code BLER’ for MCS-1 and MCS-3 for target SDU FER of 1% and 0.1%.

As mentioned in section 2, the probability of symbol error after decoding of the Reed-Solomon code with known symbol erasure locations (detected using the RLC/MAC CRC) is given by Equation (2). Figure 2 is a plot of the outer code BLER against the inner code BLER for values of dmin-1 = 4, 8, 12, 16, 24 and 32 for a RS(n,k=23)
 shortened and/or punctured code with symbol erasure decoding.
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Figure 2: Outer BLER v. Inner BLER for RS(n,k=23) for dmin = 4,8,12,16,24, 32.

For example, with a value of dmin=9 (i.e. a code capable of correct 8 symbol erasures), a RLC/MAC block erasure rate of around 9.1% is required to reach an outer code BLER of 4.4·10-4 and hence an SDU FER of 10-2 with MCS-1.

For an SDU FER of 10-2 with MCS-1 and MCS-3, Table 2 summaries the required ‘inner code BLER’, C/I required (for TU3iFH with co-channel interference) and throughput achievable.

	Reed-Solomon code
	dmin-1
	k
	k/n
	Inner BLER (MCS-1)
	C/I required (MCS-1, TU3iFH, cochannel interference) 

(dB)
	Throughput (MCS-1) (kbps)
	Inner BLER (MCS-3)
	C/I required (MCS-3, TU3iFH, cochannel interference)

(dB)
	Throughput (MCS-3)  (kbps)

	RS(27,23)
	4
	27
	0.85
	0.0342
	9.2
	7.42
	0.0393
	16.0
	12.48

	RS(31,23)
	8
	31
	0.74
	0.0917
	7.9
	6.46
	0.0985
	14.6
	10.87

	RS(35,23)
	12
	35
	0.66
	0.1506
	6.6
	5.73
	0.1585
	13.1
	9.63

	RS(39,23)
	16
	39
	0.59
	0.2052
	5.9
	5.14
	0.2166
	12.1
	8.64

	RS(47,23)
	24
	47
	0.49
	0.3011
	4.7
	4.26
	0.3108
	10.9
	7.17

	RS(55,23)
	32
	55
	0.42
	0.3784
	3.8
	3.64
	0.3923
	10.0
	6.13


Table 2: Outer coding performance at the RLC layer for SDU FER target of 10-2.

At 6.6dB and with a RS(35,23) code, a throughput of 5.73 kbps using MCS-1 is achievable with an SDU FER of 10-2. If higher values of C/I are planned for, other MCSs could be used. For example, MCS-3 with RS(35,23) can provide 9.63 kbps at 13.1dB.

The C/I required and achievable throughput for an SDU FER of 10-3 is summarised in Table 3.

	Reed-Solomon code
	 dmin-1
	k
	k/n
	Inner BLER (MCS-1)
	C/I required (MCS-1, TU3iFH, cochannel interference) 

(dB)
	Throughput (MCS-1) (kbps)
	Inner BLER (MCS-3)
	C/I required (MCS-3,TU3iFH, cochannel interference)

(dB)
	Throughput (MCS-3)

(kbps)

	RS(27,23)
	4
	27
	0.85
	0.0206
	10.7
	7.42
	0.0221
	17.8
	12.48

	RS(31,23)
	8
	31
	0.74
	0.0665
	8.4
	6.46
	0.0714
	15.4
	10.87

	RS(35,23)
	12
	35
	0.66
	0.1195
	7.3
	5.73
	0.1246
	13.9
	9.63

	RS(39,23)
	16
	39
	0.59
	0.1707
	6.3
	5.14
	0.1770
	12.7
	8.64

	RS(47,23)
	24
	47
	0.49
	0.2626
	5.2
	4.26
	0.2705
	11.4
	7.17

	RS(55,23)
	32
	55
	0.42
	0.3402
	4.2
	3.64
	0.3473
	10.5
	6.13


Table 3: Outer coding performance at the RLC layer for SDU FER target of 10-3.

With RS(35,23) and MCS-1, a C/I of 7.3dB is required to meet an SDU FER target of 10-3 with a throughput of 5.73 kbps.

4 Comparison of “outer coding” and “repetition schemes”

In [4], the performance of repetition schemes for MBMS is discussed and examined. The following table summarises the result of this initial investigation together with the performance of repetitions schemes with soft combining.

	SDU FER
	Outer coding at the RLC layer with MCS-1
	Soft combining repetition using MCS-3 

(algorithm 2)
	Soft combining repetition with 46 octet payload (algorithm 1)

	10-2 (1%)
	6.6 dB, 5.7 kbps
	6.8 dB, 4.9 kbps
	7.0 dB, 6.0 kbps

	10-3 (0.1%)
	7.3 dB, 5.7 kbps
	8.2 dB, 4.9 kbps
	7.8 dB, 6.0 kbps


Table 4: Comparison of outer coding in the RLC with repetition schemes.

With MCS-1 outer coding in the RLC layer has a benefit over MCS-3 with repetitions and the proposed new MBMS coding scheme. At an SDU FER of 10-3, 7.3dB is required for outer coding compared to 8.2 dB and 7.8 dB for MCS-3 and the new coding scheme with a 46-octet payload, respectively. Note that in this case the number of systematic blocks, k is limited to 23. As will be  shown in section 5, the performance of the outer code is dependent on n, and hence with sufficiently long codes it is probable that outer coding can provide performance as good as or better than the repetition schemes.

5 Flexible Outer Coding Scheme

As the level of coding required may vary depending upon the scenario, the application QoS requirements, and cell planning, one possibility is to signal the Reed-Solomon code parameters (n, k) either as part of the notification message or inband with the MBMS data blocks. One possible scheme is described in detail, together with a performance analysis in the Appendix B. To provide as much flexibility as possible, but on the other hand to avoid the implementation of different decoders, a single mother code is specified. An RS mother code with (N=255, K=128), which allows to support any RS code with (n, k) with k≤n≤N and 1≤k≤min(K,n) is proposed. The flexibility introduced allows adaptation to maximum throughput, residual error rate, and delay  depending on the application requests and the current channel behaviour (see Annex B). In addition, the specification of such a code enables and simplifies the introduction of incremental redundancy in the p-t-m retransmission framework as presented in [12].  

Figure 3 shows the performance of the flexible outer coding scheme with different values of n, compared to the performance of simple LLC frame or RLC block repetition, for TU3iFH with cochannel interference at a C/I of 7.5dB using CS-1 with L=20 octets (for detailed parameters see Table 5).
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Figure 3 RLC-SDU error rate over throughput for different transmission schemes: LLC repetition, RLC repetition, and outer coding schemes with n=16, 35, 50, 100, 150 for TU03, CS1, C/I = 7.5 dB, FH=1, and S=500.

At a residual error rate of 1%, RLC repetition can support a throughput of about 2 kbit/s, whereas for outer coding with n=16 about 4.5kbit/s are possible, and with n=150 about 6.4 kbit/s can be expected. 

Increasing n does increase the encoding and decoding complexity, but the upper limit of processing power and memory is thought to be well within the capabilities of modern processors. In [2], the complexity of outer coding for both the BSC and the MS is analysed and found to require between 5-6 MIPS of processing capacity and 11 kbytes of memory. Furthermore, it is thought that the outer coding can be implemented in software alone without the need for additional hardware.

6 Conclusions

In this paper an alternative coding method for MBMS bearers, as opposed to the repetition schemes study so far, is investigated. Outer coding using Reed-Solomon codes has been analysed when applied at the RLC layer and a flexible scheme is introduced. The following points can be drawn from the schemes studied in this paper:

· Outer coding in the RLC offers an alternative way of improving throughput and SDU FER to introducing new coding schemes in the BTS. 

· If the code parameters are signalled then the coding can be flexible depending upon the service requirements compared to repetition schemes, where a set of coding schemes would need to be defined. One advantage of having a flexible scheme within the RAN, is if the amount FEC applied in the core network (at the BM-SC) is variable and hence the QoS requirements that need to be provided by the RAN are also variable.

· The estimations show that outer coding can significantly enhance the throughput at the same residual error rate when compared to simple repetition schemes.

· The estimations also show that outer coding can provide a performance comparable (or even better than) repetition schemes with incremental redundancy.

· It has been shown, that the flexible RS coding introduced can enhance the throughput for different channel conditions without introducing significant complexity problems [2].

· It has also been shown that the introduction of a single mother code RS(N=128, K=128) does not harm the overall performance, but simplifies the specification of the code and, the allows the simple integration of a hardware decoder at the UE.

Finally, the presented concept with flexible outer RS coding on RLC layer perfectly complements the proposed p-t-m retransmission concept based on incremental redundancy as presented in [12].
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8 Annex A
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Figure A: MCS-1 and MCS-3, co-channel interference performance, TU3iFH.

9 Annex B: Detailed Analysis for Flexible RS coding

In the following we present an estimation of the performance gains achieved by our proposals and compare it to the repetition schemes as presented in Tdoc GMBMS-030007. In this case we focus on results for GPRS rather than EGPRS. However, it should be noted that the concept are directly applicable to EGPRS by just replacing the payload size of RLC/MAC blocks and the RLC/MAC block loss rate with EGPRS parameters.

Definitions

Let us define the following symbols:

L 
payload size of RLC/MAC blocks (in bytes); depends on coding scheme

n
RS code word length (in symbols or bytes),

p
RLC/MAC block loss rate

k 
size of RLC-SDU segments (in bytes), corresponds to RS information word length (in symbol or bytes)

R 
number of replica for repetition schemes, i.e. original and R-1 repetitions

Ps
residual RLC-SDU error rate

T
transmission time interval of RLC/MAC blocks (20 ms in GSM-GPRS)

M
number of parallel MDTCHs (or time slots used at the physical layer) 

Z
throughput of the applied coding scheme (in bit/s)

SDU Error Rate Estimation

We estimate the performance of RLC-SDU error rates and compare the results to existing proposals based on repetition schemes. We assume statistically independent RLC/MAC block losses. We will briefly review those as we also use them for comparison purpose. For the R-times repetition of RLC-SDUs the resulting error rate can be estimated as 
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For R-times repetition of RLC/MAC blocks the residual error rate can be estimated as
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For the scheme with outer RS coding a similar estimation can be used. As outlined in section 2, the residual error rate is estimate as
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Then, assuming statistical independent losses of the segments
 the residual RLC-SDU error rate can be estimated as
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Throughput Estimation

The throughput is defined as the maximum transmission data rate which is supported by a specific coding scheme in bit/second. The throughput for both repetition schemes can be estimated as 
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For the RS scheme the throughput can be estimated as
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Performance Estimation: SDU Error Rate versus Throughput

In the following we will present performance estimations for typical scenarios. For this, we have used RLC frame loss rates over a TU03 channel with frequency hopping at different C/I. This is summarized in Table 5 along with the used payload size L for each GPRS coding scheme (CS).
Table 5 Payload size and RLC/MAC block loss rates at different C/I, different coding schemes with frequency hopping. 

	
	Payload size L
	7.5 dB FH
	10 dB FH
	12.5 dB FH

	CS 1
	20 bytes
	0.119
	0.030
	0.008

	CS 2
	30 bytes
	0.357
	0.150
	0.051

	CS 3
	36 bytes
	0.502
	0.271
	0.108

	CS 4
	50 bytes
	0.912
	0.777
	0.598


The presented results show the residual RLC-SDU error rate versus throughput for different parameter settings and coding schemes. The equations according to the previous sections have been applied. For the repetition scheme the parameter R, the number of repetitions, is varied to trade off throughput versus error rate. R is selected as R=1,2,3,…. In case of the RS code scheme the parameter n, the RS code word size is varied. Obviously, higher n results in lower error probability at the same throughput at the expense of higher decoding delay, namely nT, and slightly higher encoding and decoding complexity (see [2]). k is selected as k=1,2,3,…min(K=128, n). For comparison results in the following we apply frequency hopping, single slot transmission (M=1), and a constant SDU size of S=500 bytes. Note that only each dot is realizable, the connecting lines are just for illustration purposes. Each dot either corresponds to a certain number of repetitions R, or, in case of outer coding to certain number of information symbols k. 
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Figure 4 RLC-SDU error rate over throughput for different transmission schemes: LLC repetition, RLC repetition, and outer coding schemes with n=16, 35, 50, 100, 150 for TU03, CS1, C/I = 7.5 dB, FH=1, and S=500.

Figure 4 shows the RLC-SDU error rate over throughput for different transmission schemes: LLC repetition, RLC repetition, and outer coding schemes with n=16, 35, 50, 100, 150 for TU03, CS1, C/I = 7.5 dB, FH=1, and S=500. The outer coding schemes outperform LLC and RLC repetition schemes significantly. With increasing block length n, the throughput also increases significantly at the same error rate. At a residual error rate of 1%, RLC repetition can support a throughput of about 2 kbit/s, whereas for outer coding with n=16 about 4.5 kbit/s are possible, and finally for n=150 about 6.4 kbit/s can be expected. This means that the throughput can be more than tripled with the introduction of outer coding when compared to repetition schemes.
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Figure 5 RLC-SDU error rate over throughput for different transmission schemes: LLC repetition, RLC repetition, and outer coding schemes with n=16, 35, 50, 100, 150 for TU03, CS1, C/I = 10 dB, FH=1, and S=500.

In case of better C/I=10 dB, the identical results are shown in Figure 5. Obviously at the same error rates the throughput can be increased by selecting different coding parameters. For the repetition scheme a throughput of 2.67 kbit/s can be expected, whereas for n=100, more than 7 kbit/s are possible. It is also worth to note that an appropriate k for outer coding with n=150 cannot be found due to the limitations with mother code.

If the coding scheme is changed from CS-1 to CS-2 for this channel, the throughput can be enhanced even further. According to Figure 6 and n=150, a throughput of 9 kbit/s can be expected for this channel compared 2.5 kbit/s for the RLC repetition. Note that in this case we can again find an appropriate k for outer coding for n=150 which indicates that the definition of a single mother code with K=128 does not harm flexibility and coding efficiency.
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Figure 6 RLC-SDU error rate over throughput for different transmission schemes: LLC repetition, RLC repetition, and outer coding schemes with n=16, 35, 50, 100, 150 for TU03, CS2, C/I = 10 dB, FH=1, and S=500







� One possibility that has been suggested is that the GERAN offers no protection against packet loss at cell-reselection for MBMS, and that this protection is achieved using techniques (e.g. FEC) at the BM-SC.


� SNDCP header	= 4 octets (*). LLC address field = 1 octet. LLC control field = 2 octets (**). LLC FCS = 3 octet.


(*) This is the header size for SN-UNITDATA PDUs (see TS 44.065, subclause 7.2, Figure 19). This means that if we assume N-PDUs of up to 500 octets, then in the LLC layer N201 should be set to 504.


(**) In the LLC, for unacknowledged mode, Layer-3 information is transmitted in numbered Unconfirmed Information (UI) frames; see TS 44.064, subclause 6.3, Figure 8.


� As an example, we have considered the following scenario. If an LCC frame of 510 octets is transported then 23 MCS-1 blocks are required to transport the complete frame.  If we consider shortened RS codes with 23 systematic blocks, then each SDU is processed separately by the outer coding functional unit.


� Note that this assumption is probably not true. However, the estimation on the SDU error rate is therefore an upper bound to the real error rate.
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