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1. Summary
In LTE, transport blocks (TBs) greater than 6144 bits in length are segmented into multiple smaller code block segments [1]. In a 20 MHz deployment there may be 13,600 resource elements in a (short CP, n=2 control symbols) 1ms TTI, resulting (with 64QAM) in as many as 13 segments per TB. The channel interleaving plays an important role in receiver latency and efficient processing of multi‑segment TBs.

It was proposed [3] that for the downlink channel interleaving should span either
· X=1 OFDM symbol or X=6,7 (slot-based) OFDM symbols or X = 14 (subframe-based), or
· Within code block segment bit-interleaving

These proposals were geared to provide options for reducing latency [2] while still achieving a diversity benefit. In addition, another question that remains open is whether the channel interleaving function operates on modulation symbol basis or mixes bits from different code block segments. 
This contribution explains the impact of channel estimation and successive interference cancellation (SIC) for MIMO detection on channel interleaving and why separating the channel interleaving into bit and symbol interleaving functions is important. As a result, to attain diversity benefits while maintaining efficient receiver operation it is recommended that

· After rate matching, codeword bits for each code block are mapped to modulation symbols separately
· A combination of bit and symbol interleaving be adopted
· Bit interleaving span should be limited to one code block segment (inherently present due to circular buffer rate-matching)

· For the DL, modulation symbol based channel interleaver with a span of one OFDM symbol (X=1) using frequency first mapping. This span can be increased to X= one slot (6 or 7 OFDM symbols) if that leads to further improvement in performance.

· Apply CRC per transport block only

This recommendation can also apply to uplink (UL), though with the difference being that for the DL, the symbol interleaving span may be different (See a companion contribution R1-072671 [4]).
2. Channel Interleaving Strategy and Symbol Interleaving

A generic system diagram illustrating the main FEC functions and the physical channel mapping function is proposed in Figure 1. The figure shows that channel diversity is attained through both a bit interleaving function and a symbol interleaving function. Due to channel estimation latency and the possibility of SIC for MIMO detection, it is believed that most LTE receivers will buffer symbols instead of log‑likelihood ratios (LLRs). The channel interleaving strategy in Figure 1 suggests that the symbol interleaving function could be combined (either in specification or in practice) with the physical channel mapping function. Symbol de-interleaving in the receiver could be accomplished as part of the physical channel de-mapping procedure. The span of the symbol interleaving should be designed considering the tradeoff between latency and diversity, and may differ between DL and UL. Due to the channel estimation latency, symbol interleaving over a span of up to five OFDM symbols would not affect decoding latency in the downlink. 
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Figure 1. Generic system diagram illustrating the main FEC functions.

3. Impact of the Bit Interleaving Span on Receive Processing

The LLR de-interleaving (i.e., inverting the bit‑level interleaving) introduces significant latency to the decoding process because all LLRs must pass through the de-interleaver before de-rate matching and de-coding (per-segment operations) can begin. As a result, if the bit interleaving spans the TB, the entire TB must be de-interleaved before decoding of the first segment can begin. This is illustrated in Figure 2, where the symbol-to-LLR de-mapping and de-interleaving are assumed to happen in parallel (due to the assumed symbol buffering). The figure shows that the receiver waits until the entire TB is de-mapped and de-interleaved before decoding of the TB begins. The latency between de-mapping and decoding can be substantial for multi‑segment TBs. The problem with high latency bit interleaving is compounded for MIMO implementations using SIC because the bit interleaving function lies in the SIC feedback path.  Another major disadvantage of bit interleaving over the TB is that the receive LLR buffer must be sized for the maximum‑size TB instead of the maximum‑size code block segment. Thus, bit interleaving over a TB could require and LLR buffer up to 13 times larger than that required for bit interleaving over a code block segment.
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Figure 2. Timing of the receive processing when the bit interleaving spans the TB.

In contrast to Figure 2, Figure 3 depicts the receiver timing when the bit interleaving only spans a code block segment. The figure shows that the decoding of the TB can begin much earlier than when the bit interleaving spans the TB. As shown, the de-mapping/de-interleaving and decoding operations can be pipelined to significantly decrease the latency. SIC implementations benefit from segment-based bit interleaving because the re-encoding/re-interleaving/re-mapping functions can also be pipelined such that decoding of a second stream can begin immediately following decoding of the first stream. Furthermore, segment-based bit interleaving only requires that the receive LLR buffer be sized for the maximum‑size code block segment instead of the maximum‑size TB. Another by-product of segment‑based bit interleaving is that the code bits of the segments do not “mix” before mapping to modulation symbols. This has a simplifying effect on receiver design because the receiver can associate a distinct set of resource elements with each segment. Segments can be extracted directly from a symbol buffer and delivered directly to the decoder.
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Figure 3. Timing of the receive processing when the bit interleaving only spans a segment.
Therefore, to minimize the latency impact due to bit interleaving, it is recommend that LTE adopt a combination of bit and symbol interleaving and restrict the span of the bit interleaving, if any, to a code block segment. Note that a bit interleaving function is integral to the circular buffer (CB) rate matching approach currently under discussion LTE. If the CB approach is adopted by LTE, the bit interleaving function contained in the CB may actually obviate the need for the bit interleaving function of Figure 1.

There has been some discussion on applying one CRC each per code block instead of doing it on the entire transport block (TB). This method leads to an increased overhead without any significant savings in complexity and there is unlikely any significant power savings impact. The primarily beneficiary will be high data rate users with high operating point (transmission error rate). If, as an example, 90% of the time a TB is going to be successful, only 10% of the time, when multiple code blocks happen to be present, will there be possible power savings. Even in this 10% of the time when a TB is in error, on average 50% of the code blocks have to be decoded. Moreover, in MIMO operation, the benefits of per-segment CRC are unclear. 

Therefore, in conclusion considering the DL processing, it is recommended that for the downlink channel interleaving 
· Codeword bits for each code block are mapped to modulation symbols separately.
· A combination of bit and symbol interleaving be adopted
· Bit interleaving span should be limited to one code block segment (inherently present due to circular buffer rate-matching)

· Modulation symbol based channel interleaver with a span of one OFDM symbol (X=1) using frequency first mapping should be adopted. This span can be increased to X= one slot (6 or 7 OFDM symbols) if that leads to further improvement in performance.

· Apply CRC per transport block only
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