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1 Introduction
In RAN1 #85b meeting, a novel MIMO receiver scheme that attains high performance with low complexity, so called integer forcing (IF), was introduced [5]. In RAN1 #86 meeting, multi-level coding (MLC) and natural labelling are introduced as ‘coded modulation scheme’ and ‘bit-to-symbol mapping’ strategies for the MIMO scheme. In this contribution, we will discuss about the motivation of adopting the MLC and natural labelling for the MIMO in more detail.  

2 Discussion on modulation for MIMO
Although the bit-interleaved coded modulation (BICM) with Gray mapping is widely used in practical wireless communication systems including LTE, as we mentioned in [6], by introducing the MLC and natural labelling, one can attain higher spectral efficiency via the IF MIMO scheme. 

Motivation of employing multi-level coding with natural mapping 
As introduced in [5,6], in the IF receiver, the decoder at each receive antenna attempts to directly decode integer-linear combinations of transmitted encoded code blocks (i.e., coded streams for code blocks) instead of decoupling them, using the fact that an integer linear combination of code blocks is itself a code block. To apply this strategy, the received signal at each receive antenna is required to become the integer linear combination of encoded code blocks (up to the noise tolerance) without any post processing at the receiver. Consider the MIMO 2L-QAM transmission with a binary linear code and BICM, which is currently used in LTE. For the BPSK transmission (L=1) (BICM is essentially the same as MLC for BPSK), since there exists only one bit in a modulated symbol, the received signal at each receive antenna naturally becomes the integer linear combination of encoded code blocks (up to the noise tolerance) for any MIMO configurations after applying the IF filter and the appropriate mapping. Therefore, the IF operation can easily be performed since the received signal at each receive antenna becomes an encoded code block after the modular-2 operation at the receiver [6]. However, for higher-order modulations where L > 1, since multiple bits from the same code block are sent by a single modulated symbol under the BICM, the block of received signal at each receive antenna does not naturally become a linear combination of encoded code blocks. To resolve this problem, one may consider a multilevel coding scheme in conjunction with the natural labeling of bit-to-symbol mapping to support the case of L > 1. 
Unlink BICM in which the bit stream encoded by a binary code is interleaved at the bit level and then mapped to constellation, for the MLC introduced in [6], each bit of a modulated symbol is individually encoded with different rates according to the level using a binary code. A set of encoded bits collected from each encoder is mapped to a constellation point. Then at UE receiver, streams are sequentially decoded via SIC. The key insight of employing MLC for the purpose of IF is based on the fact that encoding and decoding are separately performed over levels in MLC. By combining MLC with natural mapping, in which constellation points are simply labeled by bit strings in ascending order, the communication for each level effectively becomes the BPSK transmission with different SNRs for different levels. Therefore, even when multiple codeword bits are conveyed by a single modulated symbol and then mixed up as passing through the channel for L > 1, by the virtue of the property of the BPSK transmission, MLC strategy with natural mapping ensures that the block of received signal at each receive antenna becomes directly decodable for each level.
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Figure 1: Transmitter block diagrams for (a) BICM and (b) MLC, where w is the information bit stream and x is the modulated symbols.
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Figure 2: Examples of (a) Gray labeling and (b) natural labeling for 8 ASK.

Observation 1: The modulation scheme consisting of MLC and natural labeling enables the receiver to use the IF scheme.
Proposal 1: NR should study coded modulation schemes and bit-to-symbol mappings for advanced MIMO communications. 

3 Specification impacts of supporting MLC with natural mapping
In order to support both MLC and BICM, the current used transport block processing in 3GPP TS 36.212 needs to be slightly modified, since it is basically designed for supporting BICM only. Figure 3 shows the transport block processing from transport block CRC attachment to modulation mapper described in 3GPP TS 36.212. There exists one processing chain per transport block which contains the processes of code block segmentation, CRC attachment, channel coding, rate matching, and code block concatenation.

 
Figure 3: Transport block processing in LTE 

On the other hand, to support MLC, transport block processing should be divided into parallel processing according to the appropriate coding rates for each level. Figure 4 represents parallel processing chains that can alternately support both MLC and BICM.


 Figure 4: Transport block processing for both MLC and BICM (4-QAM, …, 22N-QAM)

Note that as shown in Figure 4, transport block segmentation, which separates one transport block into several level-i sub-transport blocks (i = 1, …, 2N), is required to be added in the transport block processing for MLC. However, it is worth noting that the process of code block segmentation, CRC attachment, channel coding, rate matching, and code block concatenation in the original transport block processing do not need to be changed. Furthermore, in order to operate in BICM mode, one can simply skip the ‘transport block segmentation’ step and perform the original transport block processing in LTE. In summary, modulation mapping for both BICM and MLC can be easily implemented by adding parallel-to-serial converter prior to the modulation mapper. 

Observation 2: Supporting both MLC and BICM requires slight modification of transport block segmentation and parallel-to-serial converter in the transport block processing used in LTE.

4 Integer-forcing detection scheme
Based on MLC and natural mapping, we can also consider a simplified version of the IF scheme in which the receiver applies the scheme at the symbol level only instead of codeword level, i.e., employs the scheme only for the detection of summed symbols, so called integer-forcing detection scheme. (Hereafter, we call the original scheme as IF decoding scheme.) In this case, as similar to the check node operation used in LDPC codes, we can get the log likelihood ratio (LLR) of bit of individual stream from the detection of summed bits. Note that if the channel variation is not severe, the IF decoding can provide additional coding gain over the IF detection from decoding summed code blocks instead of merely detecting summed symbols. However, since the IF detection operates at the symbol level and the integer matrix can be adaptively chosen in case of IF detection, it is more robust against channel variation than the IF decoding. Therefore, even when the channel variation is severe, the IF detection can be employed instead of the IF decoding and still outperform other conventional MIMO schemes such as MMSE-SIC. For the simulation results, we refer to [7].

Observation 3: IF is still applicable to the case in which the channel variation is severe

5 Conclusions
This contribution discussed the motivation of adopting the MLC and natural labelling for the MIMO. The proposed modulation and bit-to-symbol mapping are suitable for MIMO transmission and can provide good performance at low complexity. Our proposal and observations are as follows: 
Proposal 1: NR should study coded modulation schemes and bit-to-symbol mappings for advanced MIMO communications.
Observation 1: The modulation scheme consisting of MLC and natural labeling enables the receiver to use the IF scheme.
Observation 2: Supporting both MLC and BICM requires slight modification of transport block segmentation and parallel-to-serial converter in the transport block processing used in LTE.
Observation 3: IF is still applicable to the case in which the channel variation is severe 
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