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1 Introduction
In the LTE standard, a transport block (TB) may consist of several FEC turbo code blocks. For such multi-FEC transport blocks, the CRC can be added to the whole transport block, to each individual FEC block, or to both. In this paper, we study CRC options and their benefits and requirements.
2 Multi-FEC Transport Blocks
2.1 Adding CRC to Multi-codeword TB
In the LTE standard, the maximum turbo block size is 6144 bits. Yet, the transport block size can be longer than the maximum turbo block size requiring segmentation of the transport block into multiple FEC blocks. As a result, in a multi-FEC TB, each FEC block will be in excess of roughly 3000 bits. In order to detect turbo block decoding errors, a CRC is added. Here is a list of CRC options. 

· Option 1: Adding one CRC to the whole transport block as shown in Figure 1.
[image: image1]Figure 1: Adding CRC to the whole TB.

· Option 2: Adding a CRC to each individual FEC turbo codeword as shown in Figure 2.
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Figure 2: Adding CRC to each FEC block.

· Option 3: A combination of options 1 and 2, adding CRC to each transport block as well as to all individual FEC blocks.
In order to reduce the CRC false pass rate, long CRC size for the options 1 and 2 is preferred. Since the FEC block size is on the excess of 3000 bits, a 24 bit CRC results in less than 0.8% overhead. For the option 3, a short CRC for each FEC block (to minimize the overhead) as well as a long CRC for the whole transport block (to minimize CRC false pass rate) are preferred. For single-FEC transport blocks, options 1, 2 and 3 are the same and correspond to a single FEC block with a 24 bit CRC.

3 Benefits of Per-FEC Block CRC

3.1 Increased Throughput
The lowest overhead among all CRC options belongs to option 1, where using a 24-bit CRC, the maximum overhead for a multi-FEC transport block is less than 0.4%. It also requires a simple 1-bit ACK/NAK channel. The drawback of the option 1 is that in case of an error, the receiver cannot determine which FEC block/blocks are in error and hence, the transmitter needs to retransmit all the FEC blocks reducing the throughput.

With option 2, the receiver can detect which FEC blocks are received incorrectly and therefore retransmission can be done only for those incorrectly received blocks resulting in a higher throughput. For example, assuming that the transmitted TB consists of 4 FEC blocks each independently in error with FER of 0.1, then on average, 10% of the FEC blocks need retransmissions. While with TB-based CRC, 35% of transport blocks equivalent to 35% of FEC blocks need retransmission resulting in 25% throughput loss. In terms of CRC overhead, with the same CRC length as in option 1 to have the same CRC protection, option 2 requires higher CRC overhead of up to 0.8%. It also requires a K-bit ACK/NAK feedback, where K is the number of FEC blocks in the TB. The ACK/NAK feedback channel can be a K-bit map where each bit determines whether the corresponding FEC block is received correctly.
The main difference between option 2 and option 3 is their CRC overhead, since each FEC block requires a shorter CRC protection. For example, if a short 8-bit CRC is applied to each FEC block and a 24-bit CRC is applied to the whole TB, a 4-codeword TB requires 24+4*8=66 CRC parity bits. While the same TB with option 2 needs 4*24=96 CRC parity bits. This is a saving of 30 bits which translates to a marginal 0.25% CRC overhead reduction. This method requires the same ACK/NAK channel as in option 2 and provides the same throughput as option 2 does. In the rare event of a false pass (because of shorter CRC length) in the FEC-level CRC, the TB-level CRC will detect the error. In this case, the receiver does not know which FEC block is in error and therefore should ask for the retransmission of all FEC blocks. However, this happens very rarely and has marginal impact on the overall throughput.
3.2 More Efficient Turbo Decoding

A turbo decoder iteratively updates the received LLR values until it converges to the actual transmitted FEC packet if the decoding is successful. With a FEC-based CRC, the turbo decoder can terminate iterations once the CRC checks. This can save decoding power dissipation as well as decoding latency. However, with the TB-based CRC, the turbo decoder requires to perform all maximum iterations (usually 8 or more) whether it has converged to a valid codeword or not. 

On the other hand, in case of decoding error in a multi-FEC TB, the decoder only needs to re-decode the FEC codewords which were not decoded successfully as the re-transmission arrives, if FEC-based CRC is available. Without FEC-based CRC, the decoder needs to re-decode all the FEC codewords whether or not they have been successfully decoded using the first transmission. This further increases power dissipation, decoding complexity and decoding latency.

3.3 Improved SIC Receiver Performance
In a multi-codeword TB, successive interference cancellation (SIC) receiver can improve the decoding performance by subtracting the effect of successfully decoded FEC blocks from the received signal. SIC receiver can be used in a multi-FEC TB, if FEC-based CRC is used. Otherwise, the receiver is not aware of the successfully decoded turbo blocks if the TB-based CRC does not check. 

4 One vs. Multiple H-ARQ Processes

When per-FEC block CRC is added, there are two possibilities for H-ARQ processing.  The first is to have a separate H-ARQ process for each FEC block.  The second is to keep only one H-ARQ process per transport block, but to use the per-FEC block CRC information to selectively request retransmission of FEC blocks in error.

The benefit of implementing multiple H-ARQ processes is decreased latency, since the forwarding of the data in one FEC block is not tied to the successful reception of all other FEC blocks in the same transport block.

There are also benefits to maintaining a single H-ARQ process per TB however.  For one, it reduces complexity by decreasing the total number of parallel H-ARQ processes in the transmitter and receiver. Also, by decreasing the maximum number of processes, there is a decreased signaling requirement, as more processes means more signaling bits are required to represent the H-ARQ process ID.

5 Signaling Considerations

Signaling mechanisms are required to transmit the ACK/NAK information from the UE to the eNB, when more than one ACK/NAK per TB is generated. Whether or not a single H-ARQ process or multiple processes are used, the mechanism used can be similar. To accomplish this, we may re-use some of the work done for TDD systems in which it is necessary to acknowledge multiple downlink TBs in the same uplink sub-frame.
There are several options for signaling the multiple ACK/NAK information. When there is already UL data scheduled for transmission, a bitmap can be sent efficiently by time multiplexing with the PUSCH.  When there is no UL data scheduled, the ACK/NAK info may be sent using an alternate ACK/NAK format on the PUCCH.  This may re-use the existing QPSK ACK/NAK format, for example, to send ACKs for two CBs.  For more than two FEC blocks per TB, new transmission formats need to be defined on the PUCCH. A new PUCCH transmission format similar to the CQI report may be defined for transmission of the multiple ACK/NAK bits.
A hybrid scheme is also possible, when the multiple ACK/NAK bits acknowledge a single H-ARQ process rather than multiple ones. Since transmission of several ACK/NAK bits per TTI comes almost “for free” when multiplexed with the PUSCH, it may be possible to use the bitmap ACK/NAK transmission only when UL data is scheduled, and a single TB ACK/NAK bit when only the PUCCH is available. This will provide less throughput gain than the full bitmap approach but will save PUCCH resources.
6 Conclusions and Recommendations
In this contribution, different CRC options for multi-FEC transport blocks are studied and benefits and drawbacks of each option are discussed. With FEC-based CRC, the highest throughput is achieved due to lower retransmission overhead. It also enables the receiver early turbo decoding termination as well as enabling SIC receiver for multi-codeword multi-FEC TB. With FEC-based CRC, the decoder does not need to re-decode those codewords which have been decoded successfully when the re-transmission arrives. However, it requires a slightly higher overhead (up to a maximum of 0.8%) and a multi-bit ACK/NAK channel. A combination of FEC-based and TB-based CRC provides the same CRC protection level, same throughput as well as the same feedback overhead. However, it may slightly reduce the CRC overhead.
Considering the throughput benefits, turbo decoder power saving, SIC receiver possibility and limited CRC overhead, we recommend FEC-based or combined FEC/TB-based CRC protection for multi-codeword transport blocks in the LTE standard. The ACK/NAK channel should provide a mechanism to allocate the FEC-based error reporting.
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