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1 Introduction
To support the 100M+ bps peak data rate, features that enable pipelining receiver operations have been proposed, e.g., code block based rate matching. These features enable receiver design that can greatly improve hardware utilization, significantly reducing hardware complexity and cost. 

This contribution considers some channel coding and channel interleaving aspects of the LTE system that can contribute to the pipelining capability of the receiver chain to reduce hardware cost, while keeping performance optimization in mind.
2 Considerations on LTE channel interleaving and coding
2.1 Channel interleaving across OFDM symbols

There have been some discussions on channel interleaving. One issue is how much interleaving in time domain is needed. On one hand, reducing interleaving in time domain can potentially allow the receiver to start decode the code blocks in an OFDM symbol right after that OFDM symbol is received. On the other hand, if each of the code blocks within a transport block is confined within one or two OFDM symbols, loss of time diversity may result in performance loss.
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Figure 1. LTE DL subframe structure
Figure 1 shows the subframe structure of LTE. In order to obtain accurate channel estimation for one RE, we need to utilize both the RS symbols in front of and behind that RE. For example, in general, a receiver should wait until at least OFDM symbol 4 to start channel estimation and demodulation of data REs within OFDM symbol 2 and 3. Moreover, in precoded MIMO operation with 4 transmit antennas, which is the likely scenario when peak rate transmission may occur, the receiver should wait until at least OFDM symbol 8 to start channel estimation and demodulation of the data REs in OFDM symbol 2 – 7. Note this is also the case for 4-antenna transmit diversity schemes, another scenario where peak data rate may occur. However, the time between when an OFDM symbol is received and when the receiver starts to demodulate this OFDM symbol is not completely wasted. Other operations, e.g., FFT, can be scheduled during this time. Delaying the demodulation of data REs in OFDM symbol 2 – 7 requires buffering of REs in 6 OFDM symbols. Alternatively, we could start decoding of OFDM symbol 2-7 without buffering, using the latest available channel estimation for each antenna. In that case, performance loss may occur because the channel estimation may be obsolete. The loss due to out-of-date channel estimation, especially in scenarios with mobile speed ranging 30kmph ~ 120kmph, can be significant.
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Figure 2. Interleave across OFDM symbol 0 – 7 and OFDM symbol 8 - 13
One possibly tradeoff is to interleave modulation symbols across OFDM symbol 0 – 7 and, separately, interleave modulation symbols across OFDM symbol 8 – 13. Since UE receivers anyway need to accommodate the case of 4-antenna precoding, there is minimal increase of hardware complexity by interleaving across OFDM symbol 0 – 7. While at the same time, this design allows each code block to pick up time diversity within span of 6 OFDM symbols.
Note that by defining channel interleaving on OFDM symbol basis, we effectively decouple the channel coding and rate matching from channel interleaving. This greatly simplifies the channel interleaving operation.
2.2 Channel coding considerations for MIMO transmissions
In a multi-codeword MIMO transmission, two MIMO codewords are transmitted, each of which carries multiple code blocks and a 24-bit CRC. For each MIMO codeword, the CRC is applied to the whole MIMO codeword, i.e., all the code blocks in the MIMO codeword. For illustration purpose, let’s assume there are two code blocks in each codeword, with code block 1 transmitted in OFDM symbol 0 – 7 and code block 2 transmitted in OFDM symbol 8 - 13. As shown in Figure 2, we can start decoding of code block 1 in CW 1 immediately after demodulation of modulation symbols in OFDM symbol 0 - 7. By doing so, the demodulation of code block 2 can be done in parallel with the decoding of code block 1. In addition, with the help of this CRC, we can cancel the interference from CW1 to CW2 by successive interference cancellation. 
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Figure 3. Transport block CRC creates extra waiting time for MMSE-SIC for MCW-MIMO
The parallel processing capability can be significantly enhanced by adding a short, say, 8-bit, CRC to each code block. With the per-code-block CRC, we can cancel the interference from CW1 to CW2 in block 1 and start decoding of block 1 of CW2 immediately after the decoding of code block 1 of CW1. By doing so, the demodulation of block 2 in CW1, the decoding of block 1 in CW1, the successive interference cancellation, the demodulation of block 2 in CW2, and the decoding of block 1 in CW2 can all be processed paralleled in one way or another. 
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Figure 4. Code block CRC enables parallel processing that reduces decoding time for MCW-MIMO
As shown in Figure 4, we can save a full subframe in the decoding time line, which can transfer into significant buffer saving and lower delay for HARQ transmissions. In addition, the overhead is very small as the 8-bit CRC is only added for multiple code blocks, which will only occur when the code block size is greater than 3072 bits. In other words, the maximum overhead due to the 8-bit CRC is less than 0.25%. We also observe from the time line above that at least 3 sub-frames are needed between transmissions, while 4 to 5 sub-frames in between transmissions may give UE and Node B more relaxed time line.
3 Conclusion
In this contribution, we analyzed the time domain interleaving aspect of the channel interleaver. We propose to interleave OFDM symbol 0 – 7 and to interleave OFDM symbol 8 – 13. In the case of large transport blocks with multiple code blocks, we also propose to add an 8-bit CRC to each code block to facilitate parallel processing in MIMO receiver. 
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