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1. Introduction

The present contribution describes simulations of an FEC erasure code suitable for the MBMS file download service.  The Raptor encoder described in [1] and the corresponding decoder described in [2], and also the Systematic Raptor code [3] which is based on [1] and [2], have properties that meet all of the current and future requirements of an MBMS file download service.  The simulations provided here compare the performance of Raptor to that of Reed-Solomon (and to that of an ideal FEC code) for various choices of parameters according to the criteria described in [4].

2. Simulation Parameters

The computational speed of both FEC encoding and decoding is important, but since decoding is performed on the UE the FEC decoding work is of primary importance.  The decoding work is expressed in terms of the number of bytes exclusive-ored together for Raptor, and in terms of the number of table look-up operations and bytes exclusive-ored together for Reed-Solomon codes.  It should be noted that for Raptor codes the exclusive-or operations are performed on symbols that are several bytes in length (ranging from 16 bytes up to 512 bytes), and thus these operations can be pipelined in a way that makes them very efficient to compute, i.e. most CPUs can exclusive-or several bytes together at a time and the bytes to be exclusive-ored together can be pipelined to the CPU, and thus the code can be highly optimized to perform such exclusive-or operations.   On the other hand, the table-lookup operations of Reed-Solomon codes must necessarily be performed byte by byte, and thus the same optimizations are not possible.  Thus, for the same decoding work value the Raptor codes will be several times faster than Reed-Solomon codes.  In the decoding work results we present in this document we have multiplied the decoding workload for Reed-Solomon codes by a factor of two to take into account this discrepancy, and in practice we have found that this minor adjustment is typically somewhat exaggerating the actual decoding speed of Reed-Solomon codes.

The SDU packet payload size in all simulations is 512 bytes, and thus the total length of an SDU encoding packet, including the IP/UDP/FLUTE headers is 556 bytes.  All simulations use a 3 MB file, which is 6,144 SDUs in length (using 1 KB = 1,024 bytes and 1 MB = 1,024 KB).

For UTRAN the PDU size is set to 640 bytes, and the sending rate is fixed at 64 Kbps in all simulations.  Thus, the time to send the 3 MB file when there is no loss is approximately 7 minutes.

For GERAN the PDU size is set to 30 bytes, and the sending rate is fixed at 16 Kbps in all simulations.  Thus, the time to send the 3 MB file when there is no loss is approximately 28 minutes.

For each simulation, an SDU packet loss sequence is generated.  A packet loss sequence is simply a sequence of zeroes (indicating SDU not lost) and ones (indicating SDU lost). A packet loss sequence is the combination of all types of loss considered for that simulation.  Possible contributions to packet loss include backbone loss, link loss, change cell loss, congestion loss and unavailable UE loss.  In the basic simulations below link loss, change cell, congestion loss and unavailable UE loss is considered.

The methodology used to generate a packet loss sequence for each type of loss is the following.

· Link loss: A PDU packet loss sequence is first generated using a random number generator with a specified average loss fraction.  Then, the methodology described in [3] is used to generate an SDU packet loss sequence from this.
· Cell change loss: A two-state Markov chain is used to simulate cell changes, where the first state corresponds to no loss when in the cell and the second state corresponds to complete loss when changing from one cell to another.  The transition probabilities between states are described for each simulation, but are designed so that on average there is one cell change per sending of the number of packets in the file, and the duration of the cell change varies from 1-3 seconds.

· Congestion loss: A two-state Markov chain is used to simulate congestion loss, where the first state corresponds to an uncongested state and the second state corresponds to a congested state.  The transition probabilities between states and the percentage of random loss when in the congested state are described for each simulation.

· Unavailable UE loss: A two-state Markov chain is used to simulate a UE that intermittently is unavailable for reception, where the first state corresponds to an available state and the second state corresponds to an unavailable state.  The transition probabilities between states are described for each simulation.

The overall loss is the combination of these losses in each simulation.

3. Description of FEC codes and simulations

In this section we present the different FEC codes and simulations for which comparisons are made. We make the comparisons described in [4] between the Raptor codes described in [1], [2] and [3], two versions of Reed-Solomon codes and an idealized FEC code as described in [4].  

In each simulation a fixed duration transmission time is chosen for the MBMS file delivery session, and then the UEs that haven’t recovered the file at the end of the MBMS delivery request packets from a point-to-point (P2P) repair server that allows them to recover the file.  Thus, a fixed number of packets are sent in the MBMS file delivery session.

We call the two versions of Reed-Solomon codes RS64 and RS256.  Let T be the ratio of the number of packets sent in the MBMS file delivery session divided by the minimal number of packets it takes to deliver the file assuming no packet loss.  The RS64 code is designed based on T as follows: K is set to 64/T.   The file is partitioned into source blocks of length K times the packet payload length (512 bytes), and for each source block 64 encoding packets are generated (consisting of K source packets and 64-K redundant packets, generated by applying the same Reed-Solomon code in parallel to each of the 512 packet payload positions to stretch a K byte source to a 64 byte encoding).  A round-robin interleaved sending order of the encoding packets for the source blocks is used, i.e. in each round one encoding packet from each of the source blocks is sent (starting with the source packets in the first rounds), and no encoding packet from any source block is repeated in any round.  It is well-known that this is an optimal sending strategy for Reed-Solomon codes.  Thus, the RS64 is designed optimally based on T to not send any encoding packet more than once and to provide as much protection as possible subject to the constraint of a maximum of a 64 encoding packets per source block.

RS256 is designed based on T analogously to how RS64 is designed.  Thus, RS256 is designed optimally based T to not send any encoding packet more than once and to provide as much protection as possible subject to the constraint of a maximum of a 256 encoding packets per source block.  Note that 256 is the maximum number of encoding packets per source block possible for a Reed-Solomon code that operates on bytes.

For the simulations described in the subsequent subsections performance statistics are generated for several values of T.  The reason for this is that it is often difficult to predict a priori a good value of T that minimizes usage of network resources (T should not be too large) and yet delivers the entire file to the bulk of the UEs and doesn’t require a lot of P2P repair for those UEs that can’t recover the file after the MBMS file delivery session (T should not be too small).  

One important observation is that for each different value of T the Reed-Solomon code design is different (for both RS64 and RS256), and in this makes it very difficult to schedule a secondary MBMS file delivery session to efficiently deliver new packets to those UEs that weren’t able to recover the file in the primary MBMS file delivery session.  One could design the Reed-Solomon codes so that the value of K remains fixed for every value of T and the number of encoding packets per source block varies, but this design suffers from other similar disadvantages.  On the other hand, because Raptor codes can generate as many encoding packets as desired on the fly, it is easy to schedule a secondary MBMS file delivery repair session using Raptor codes that efficiently delivers new packets to those UEs that weren’t able to recover the file in the primary MBMS file delivery session, and thus Raptor codes provide complete flexibility.

The decoding work using RS64 is generally much smaller than the decoding work using RS256, whereas the T value for RS256 that delivers the entire file to most UEs is typically much smaller than the corresponding T value for RS64.  Thus, these two Reed-Solomon codes provide two points in the spectrum of conflicting trade-offs between these performance measures, and at no point along the spectrum are both performance measures optimized for Reed-Solomon codes.  On the other hand, Raptor codes essentially optimize the decoding work and the T value simultaneously.

There are several different types of costs associated with the P2P repair service, some of which are:

1. The session initiation cost of each UE that initiates a session with the P2P repair server to request repair packets to recover the file.

2. The access cost for the P2P repair server to access and send individually each request for specific repair packets.

3. The bandwidth cost of sending all the repair packets to all the requesting UEs.

For the P2P repair service when using Reed-Solomon codes the UE will request missing source packets from source blocks that it cannot recover.  This is because:

· Specific encoding packets need to be requested from the P2P server since there is a limited supply of encoding packets and the UE wants to ensure that each encoding packet sent by the P2P repair server is not a duplicate.

· The decoding work grows quickly as a function of the number of missing source packets, and thus it is much more efficient for the UE to request missing source packets than redundant packets.

This means that the UE must send the P2P repair server requests for specific pieces of the original file that are typically scattered throughout the file, and then the P2P repair server must access these specific parts of the file to process each packet request from every UE.  Thus, the access cost on the P2P repair server for the Reed-Solomon codes is proportional to the total number of packet requests from all UEs.

For the P2P repair service when using Raptor codes the UE will only request the number of encoding packets it still needs to recover the file.  This is because:

· The Raptor encoder can generate as many unique encoding packets as needed for the file.  Thus, it is easy for the P2P repair server to generate encoding packets that are different than those sent in the MBMS file delivery session, without any need to coordinate with the MBMS server.

· The decoding work does not depend on which encoding packets are received (except for the systematic Raptor code, where there is a weak dependence), and thus it is much more efficient for the UE to simply request the number of encoding packets to send and not specify which encoding packets to send.

This means that the P2P repair server can generate a common set of encoding packets to send to all UEs making requests, and the number of encoding packets in the common set need only be the maximum number of packets that any UE requests (and the P2P repair server can update this maximum as UEs send their requests and add encoding packets to the common set as needed).  Then, for each UE that requests a certain number R of encoding packets, the P2P repair server simply sends any R encoding packets from the common set.  Thus, the access cost on the P2P repair server for the Raptor codes is proportional to the maximum number of encoding packets requested by any UE instead of the total number of packet requests from all UEs.

The session initiation cost for Reed-Solomon codes and Raptor codes is exactly the same: the cost is proportional to the number of UEs that make requests to the P2P repair server for repair packets because they did not fully recover the file from the MBMS file delivery session.  Similarly, the bandwidth cost for Reed-Solomon codes and Raptor codes is exactly the same: the cost is proportional to the total number of repair packets sent to all UEs from the P2P repair server.

The performance results for the ideal FEC code are used as a benchmark to compare the other FEC codes against, i.e. no code can perform better than the ideal FEC code and thus the ideal FEC code provides a baseline to judge how far away from optimal other FEC codes are.   

3.1. Basic Simulation

Simulation A
UTRAN, 3 MB file, 64 Kbps rate

Link PDU loss – random 10%

Cell change loss – 3 seconds outage on average each 7 minutes on average

Cell congestion loss – 70% random loss for 50 seconds on average each 100 seconds on average

UE unavailable loss – 1 minute unavailable on average out of 5 minutes on average

Resulting average SDU link + cell change + cell congestion + UE unavailable loss: 59.6%

3.2. Simulation classes

There are 6 classes defined in Subsection 9.1 of [4] that classifies UEs based on their channel conditions modeled by link loss and cell change loss.  For i = 1, …, 6, the simulation class Gi is defined to be Class i as defined in Subsection 9.1 of [4] for GERAN. 
4. Simulation results

For each simulation the results are produced as follows. A long SDU packet loss sequence is generated using the methodology described in Section 2 and using the particular parameter settings described in Section 3 for each simulation; the sequence is 100,000,000 in length for each simulation.  Then, either 1,000 or 5,000 UEs are simulated (in most cases 5,000), so that UEs process non-overlapping portions of the sequence in the simulation.  Exactly the same SDU packet loss sequence, the same number of UEs and same portions of the sequence for each UE is used for all FEC codes.

The transmission ratio is defined as t/f, where t is the number of SDUs transmitted in the MBMS file delivery session, and where f is the time it takes to transmit the number of SDUs in the file, which is the minimal transmission time possible if there is no loss. For example, if t = 10,000 packets are sent in the MBMS file delivery session for a 3 MB file (which corresponds to 6,144 source packets) then the t/f ratio is 1.63.

Other values mentioned in [4] can be derived from this ratio.  For example, the total transmission volume can be derived as (t/f)*(556/512)*(file size).  The total relative FEC overhead can be computed as 100%*((total transmission volume/file size)-1).

For Raptor codes all received SDUs are essentially useful for recovering the file.  The only source of wastage for Raptor codes is the small 0.01 reception overhead for the 3 MB file.   For the Reed-Solomon codes, since the file is partitioned into many source blocks, it is typically the case that at some point for some source blocks more encoding packets are received than needed to decode while for other source blocks not enough encoding packets are received to decode, and thus this is a form of wasted transmission bandwidth.  This is the primary reason why Raptor codes have generally a smaller transmission ratio with respect to the same number of successful file deliveries to UEs.
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Simulation A – Number of user who fail to decode
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Simulation A – Decoding work
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Simulation G1 – Number of user who fail to decode
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Simulation G2 – Number of user who fail to decode
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Simulation G2 – Total number of packets requested from P2P repair server
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Simulation G2 – Decoding work
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 Simulation G2 – Access cost for the P2P repair server
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Simulation G4 – Number of user who fail to decode
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Simulation G5 – Number of user who fail to decode
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Simulation G5 – Total number of packets requested from P2P repair server
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Simulation G5 – Decoding work
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Simulation G6 – Number of user who fail to decode

The percentage of post-recovery useful data for Raptor codes is an interesting concept, since all encoding packets that are received by a UE are equally useful in recovering the file, and thus all encoding packets received by a UE are useful data.  Even if the UE cannot recover any of the file from the encoding packets it has received so far, it still can combine those received encoding packets with any subsequently received encoding packets and recover the file from a number of encoding packets in total equal to (number of SDUs in file)*(1 + reception overhead).  Since the reception overhead for Raptor codes is tiny and independent of packet loss patterns, this means that essentially all encoding packets received by a UE can be eventually used to efficiently recover the original file.  For example, consider delivering a 3 MB file that is 6,144 SDUs in length.  Suppose that when the MBMS file delivery session ends a UE has received 5,000 encoding packets. If the UE collects an additional 6,144*1.01 - 5,000 = 1,233 encoding packets, for example from the P2P repair server, then the UE is able to decode the file.

Similarly, the post-session residual data loss for an entire file is also different for Raptor codes than for other FEC codes.  Even if the UE is not able to recover the file from encoding packets received in the MBMS file delivery session, all encoding packets received in the session can be used to efficiently recover the file in combination with subsequently received encoding packets from any other sender, and thus there is no post-session residual data loss.

5. Conclusions

Simulation results for Raptor codes using a moderate number of packet loss sequences that characterize some of the potential loss conditions that may be encountered in practice have been provided for both UTRAN and GERAN networks.  It is hard to know a priori all of the different loss conditions and types of applications that may be deployed with the MBMS file download service.   Raptor codes have the property that they will provide close to optimal performance independent of the packet loss and UE availability conditions and types of service to be provided in the future with the MBMS file download service, and thus Raptor codes are a good choice to ensure that there are no negative surprises in future deployments of the MBMS file download service. 
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