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1 Introduction
In RAN1#88 meeting, the following observations are related to enhanced modulation schemes [1].
Observations:
· RAN1 has studied following modulation schemes, but has not reached conclusions so far:
· Higher order modulation e.g. 1024QAM 
· Shaped Modulation
· Spatial Modulation
· Diversity enhancing modulation schemes 
· Coded modulation and bits-to-symbol(s) mappings
· APSK
· Interpolated QPSK modulation


Spectral efficiency is an important key performance indicator (KPI) for NR. To improve spectral efficiency, the support of up to 256 QAM and spatial multiplexing for 8 layers has been proposed [2]. This enhancement approach of spectral efficiency is in fact highly related to receiver implementation. In LTE, conventional multiple-input multiple-output (MIMO) linear receivers, such as zero-forcing (ZF) or minimum mean-square error (MMSE) receivers, are assumed. For NR, we may consider the support of non-linear receivers, such as maximum likelihood (ML) and sphere decoding receivers, to provide enhanced performance, but their implementation may not be practical due to their high complexity.
 Although this is an important aspect for high spectral efficiency, coded modulation schemes and bit-to-symbol mappings for high order modulation in conjunction with MIMO are not as yet sufficiently studied and compared with each other in Phase I. In this contribution, we introduced an enhanced MIMO receiver, which can achieve high performance at competitive complexity. In order to enable the proposed scheme at a UE receiver, multi-level coding (MLC) and natural mapping are introduced as coded modulation and bits-to-symbol mapping, respectively. We also provide the link level performances of the proposed MIMO scheme, MMSE, and MMSE codeword-level SIC for high spectral efficiency transmission including 1024-QAM and demonstrate the gain of the proposed MIMO scheme in various aspects.

2 Performance comparison and discussion
In our performance comparison, the following receiver and modulation schemes are taken into account:
· Scheme 1: The proposed MIMO scheme with MLC and natural mapping
· Scheme 2: MMSE with BICM and Gray mapping
· Scheme 3: MMSE codeword-level SIC with BICM and Gray mapping 

We assume 4Tx-4Rx antennas configuration and the horizontal mapping: within one OFDM symbol, codeword is first mapped across frequency domain (sub-carriers) before it is mapped across MIMO layers. Each Tx antenna sends independently encoded code blocks. Hence, for the MMSE-SIC case, SIC across encoded code blocks is assumed to be performed three times. Other detailed evaluation assumptions and parameters are shown in Annex. The detailed description of transmission and reception of the proposed scheme is explained in [3].
Figure 1 compares the BLER performance of schemes 1, 2, and 3 in the TDL-A channel model with short delay spread at 64-QAM and code rate=0.63 (spectral efficiency  15bps/Hz). In Figure 1, it is shown that the proposed scheme achieves SNR gains of 9 dB and 1.5 dB over MMSE and MMSE-SIC at BLER of 10-1 for the uncorrelated channel, respectively. As for the correlated channel, the proposed scheme provides gains of 13 dB and 4.75 dB over MMSE and MMSE-SIC, respectively. Hence, it is observed that the performance gap increases with respect to the channel correlation. In addition, it is also observed that the slope of the proposed scheme is much steeper than those of MMSE and MMSE-SIC. 
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Figure 1: Performance comparison of MMSE, MMSE-SIC, and the proposed scheme in the 4x4 MIMO TDL-A channel model with short delay spread: BLER vs. averaged SNR for 64-QAM and code rate=0.63.

Similar tendency can be observed for 1024-QAM transmission except the fact that the performance gap is slightly increased. Figure 2 compares the BLER performance of schemes 1, 2 and 3 in the TDL-A channel model with short delay spread at 1024-QAM and code rate=0.75 (spectral efficiency = 30bps/Hz). Here, it is shown that the proposed scheme provides SNR gains of 9 dB and 1.75 dB over MMSE and MMSE-SIC at BLER of 10-1 for the uncorrelated channel, respectively. As for the correlated channel, the proposed scheme provides gains of 14 dB and 5 dB over MMSE and MMSE-SIC, respectively. It is shown that the proposed MIMO scheme outperforms MMSE and MMSE-SIC when achieving high spectral efficiency such as 30bps/Hz.
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Figure 2: Performance comparison of MMSE, MMSE-SIC, and the proposed scheme in the 4x4 MIMO TDL-A channel model with short delay spread: BLER vs. averaged SNR for 1024-QAM and code rate=0.75.

The results demonstrate that the performance gap between the proposed scheme and conventional MIMO schemes such as MMSE and MMSE-SIC with BICM increases when the channel is correlated and a target spectral efficiency is high. An example of such scenario would be backhaul over the air since it is highly likely that there exists the dominant line-of-sight (LoS) path in the channel and MIMO order and the modulation order are high. 
Although we assumed that the channel estimation at the receiver is perfect in this proposal, we have shown in that the tendency is similar under realistic channel estimation (e.g., LS estimator + interpolation), i.e., the modulation scheme consisting of MLC and natural mapping provides high performance gain compared to the modulation scheme consisting of BICM and Gray mapping for MIMO transmission both for ideal and practical channel assumptions [4].

Observation 1: The modulation scheme consisting of MLC and natural mapping provides high performance gain compared to the modulation scheme consisting of BICM and Gray mapping for MIMO transmission.

Observation 2: The proposed MIMO scheme outperforms MMSE and MMSE-SIC when achieving high spectral efficiency such as 30bps/Hz.

Observation 3: The performance gap between the proposed MIMO scheme and conventional MIMO schemes such as MMSE and MMSE-SIC increases as the amount of channel correlation and a target spectral efficiency increases. 

Observation 4: The modulation scheme consisting of MLC and natural mapping provides high performance gain compared to the modulation scheme consisting of BICM and Gray mapping for MIMO transmission for both ideal and practical channel assumptions. 

The study of coded modulation schemes and bit-to-symbol mappings for high order modulation in conjunction with MIMO are not yet sufficiently studied and compared with each other. Therefore, in Phase II, NR should sufficiently investigate the schemes for high order modulation in conjunction with MIMO and the performance of each proposed scheme needs to be compared in various scenarios. The evaluation assumptions introduced in [5] can be considered as one of candidates for link-level simulations. To evaluate the proposed MIMO scheme in this contribution, our companion contribution [3] provides the detailed description of transmission and reception scheme employing multi-level coding and natural mapping. 

Proposal 1: In Phase II, NR should sufficiently study the coded modulation schemes and bit-to-symbol mappings for high order modulation in conjunction with MIMO and the performance of each proposed scheme needs to be compared in various scenarios.

3 Conclusion
This contribution discussed the modulation scheme that is suitable for MIMO transmission and can provide good performance at low complexity for achieving high spectral efficiency. Our observations and proposal are as follows: 

Observation 1: The modulation scheme consisting of MLC and natural mapping provides high performance gain compared to the modulation scheme consisting of BICM and Gray mapping for MIMO transmission.
Observation 2: The proposed MIMO scheme outperforms MMSE and MMSE-SIC when achieving high spectral efficiency such as 30bps/Hz.
Observation 3: The performance gap between the proposed MIMO scheme and conventional MIMO schemes such as MMSE and MMSE-SIC increases as the amount of channel correlation and a target spectral efficiency increases. 
Observation 4: The modulation scheme consisting of MLC and natural mapping provides high performance gain compared to the modulation scheme consisting of BICM and Gray mapping for MIMO transmission for both ideal and practical channel assumptions. 

Proposal 1: In Phase II, NR should sufficiently study the coded modulation schemes and bit-to-symbol mappings for high order modulation in conjunction with MIMO and the performance of each proposed scheme needs to be compared in various scenarios.
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Annex
Table 1: Evaluation assumptions and parameters for link-level simulations.
	Parameter
	Assumption

	Waveform
	OFDM

	Carrier frequency
	4 GHz

	System bandwidth
	10 MHz

	Allocated RBs
	5 RBs

	Channel model
	TDL-A Short/Long delay spread -11Hz. 

	Channel estimation
	Ideal

	Modulation
	64/1024 QAM

	Channel code
	802.11n type LDPC (code rate = 0.63/0.75)

	Codebook
	No precoding (i.e. identity matrix)
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