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1 Introduction
In RAN #71 meeting, the study item, ‘New Radio Access Technology’ (NR) was approved [1] aiming to develop a new radio access technology to meet a broad range of use cases including enhanced mobile broadband (eMBB), massive machine-type communications (MTC), and ultra-reliable and low latency communications (URLLC).
The traffic capacity is an important key performance indicator (KPI) in NR as many related KPIs such as peak data rate, peak spectral efficiency, cell spectral efficiency, area traffic capacity, and user experienced data rate are defined in  [2]. There has been much effort to increase the data rate from the first release of LTE (Rel-8) in 3GPP. In LTE Rel-10, the number of layers for spatial multiplexing was extended to up to eight layers. In LTE Rel-12, the support of 256 QAM on downlink was further specified. Moreover, the support of 256 QAM on uplink is being discussed as a part of WI on uplink capacity enhancements [3]. The DL Category 17 for a UE is defined to support 8 layers with 256 QAM [4].
It is expected that at least 8 layers with 256 QAM is also specified for NR to provide at least similar or better performance than LTE in terms of spectral efficiency. One may not fully exploit, however, the benefit of such high spectral efficiency if a UE uses the conventional multiple-input multiple-output (MIMO) linear receivers such as zero-forcing (ZF) or minimum mean-square error (MMSE) receiver since there is a non-negligible gap between the performance of those linear receivers and the optimal performance. It is not easy to use a non-linear receiver such as maximum likelihood (ML) receiver or sphere decoding due to its high complexity.
In RAN1 #85b meeting, a low complexity receiver scheme with high performance for MIMO was introduced [5]. This contribution will present the modulation scheme that enables the receiver to use the MIMO scheme.

2 Modulation scheme for MIMO
Although the bit-interleaved coded modulation (BICM) with Gray mapping is widely used in practical wireless communication systems including LTE since its introduction of BICM in [6], it is worthwhile to investigate whether the combination is still effective in MIMO for high spectral efficiency. We will first briefly review the coded modulation and the bit-to-symbol mapping, and then propose a candidate modulation scheme suitable for MIMO.

1 
2 
Coded modulation schemes
In BICM, the bit stream encoded by a binary code is interleaved at the bit level and then mapped to constellation points. In [7], it was shown that BICM shows only a negligible loss in terms of the information rate and error probability compared to the optimal performance for single-input single-output (SISO) channels. On the other hand, in MLC introduced in [8], each bit of a modulated symbol is individually encoded using a binary code. A set of encoded bits collected from each encoder is mapped to a constellation point. It is known that MLC can achieve the constellation-constrained capacity over an additive white Gaussian noise (AWGN) channel [10]. The transmitter block diagrams for the two coded modulation schemes are illustrated in Figure 1.

[image: ]
Figure 1: Transmitter block diagrams for (a) BICM and (b) MLC, where w is the information bit stream and x is the modulated symbols.

[bookmark: OLE_LINK3]Bit-to-symbol mapping methods
Gray labeling is the well-known bit-to-symbol mapping and it performs well when combined with BICM [7]. We will introduce the natural labeling of constellation points [10]. In the natural labeling, constellation points are simply labeled by bit strings in ascending order. The examples of Gray labeling and natural labeling for 8 amplitude-shift keying (ASK) are illustrated in Figure 2. The natural labeling can also be used for M-QAM by applying it to each in-phase domain and quadrature-phase domain.
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Figure 2: Examples of (a) Gray labeling and (b) natural labeling for 8 ASK.

Candidate modulation scheme for MIMO
As introduced in [5], there is a new MIMO receiver scheme [9] in which, the decoder at each receive antenna can directly decode integer-linear combinations of transmitted encoded code blocks (i.e., coded streams for code blocks) instead of decoupling them if the entries of the channel matrix are integers using the fact that an integer linear combination of code blocks is a code block. In general, however, since the channel coefficients have complex values, the receiver can create an effective integer-valued channel matrix by applying the integer-forcing (IF) equalizer at the front end. By appropriately designing the integer-forcing equalizer, the noise amplification can be minimized at the receiver and thus the performance can be improved. If BPSK is used, the IF operation can easily be performed (BICM is essentially the same as MLC for BPSK) using any modulation schemes, since the received signal at each antenna becomes naturally the integer linear combination of encoded code blocks. When a high order modulation such as 64 QAM or 256 QAM is used, however, one cannot use the IF operation using the BICM with Gray labeling since the encoded code blocks are mixed up as passing through the channel and hence the received signal is not the linear combination of encoded code blocks. If the MLC with natural labeling is used at the transmitter, then one can fully exploit the benefit of the IF operation at the receiver since the combination effectively divide the streams of high order modulation into multiple streams of BPSK. The block diagram of the transmitter and receiver operation is illustrated in Figure 3.








Figure 3: The block diagram of the integer-forcing transceiver, where is the data stream of transmit antenna,  is the channel matrix,  is an estimate of the i-th integer combination of encoded code blocks, and  is an estimate of the i-th data stream.

3 Performance evaluation
We compared the link-level performance of the IF, MMSE, and MMSE codeword-level SIC in Figures 4, 5, and 6 for TDL-A channels with different values of delay spread according to [11]. In the IF scheme, MLC with natural labeling is used while BICM with Gray labeling is used for MMSE and MMSE-SIC schemes. It is assumed that 4 Tx and 4 Rx antennas are used and the number of layers is 4. Considering that the MIMO transmission of a large number of layers and high modulation order will likely be used in the small cell deployments, we evaluated the performance for very short delay spread (see Figures 4 and 6) and short delay spread (see Figure 5). We have also considered the correlated channels in which the correlation between adjacent antennas is about 0.6 as well as the uncorrelated channels. The other evaluation assumptions are given in Table 1 in Annex. In Figures 4 and 5, 64 QAM is considered while 256 QAM is considered in Figure 6. In Figure 4, it is shown that the IF provides 9 dB performance gain compared to MMSE and 1 dB gain compared to MMSE-SIC at BLER of 10-1 for the uncorrelated channel (i.e., solid lines). For the correlated channel in Figure 4 (i.e., dotted lines), the IF provides 14 dB and 5 dB gains compared to MMSE and MMSE-SIC, respectively. For the case of small delay spread, similar performance gains can be achieved as shown in Figure 5. For the case of 256 QAM, one can see more performance gain of the IF scheme than the case of 64 QAM.

Observation 1: The modulation scheme of BICM and Gray labeling does not perform well for MIMO transmission of high spectral efficiency.

Observation 2: The modulation scheme consisting of MLC and natural labeling enables the receiver to obtain high performance for MIMO transmission of high spectral efficiency.
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Figure 4: Performance comparison of MMSE, MMSE-SIC, and IF for TDL-A with very short delay spread and 4x4 64 QAM.
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Figure 5: Performance comparison of MMSE, MMSE-SIC, and IF for TDL-A with short delay spread and 4x4 64 QAM.
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Figure 6: Performance comparison of MMSE, MMSE-SIC, and IF for TDL-A with very short delay spread and 4x4 256 QAM.


Proposal 1: NR should study coded modulation schemes and modulation mappings for MIMO transmission with low receiver complexity and high performance.


4 Conclusions
This contribution discussed the modulation scheme that is suitable for MIMO transmission and can provide good performance with low complexity. Our observation and proposal are as follows: 

Observation 1: The modulation scheme of BICM and Gray labeling does not perform well for MIMO transmission of high spectral efficiency.

Observation 2: The modulation scheme consisting of MLC and natural labeling enables the receiver to obtain high performance for MIMO transmission of high spectral efficiency.

Proposal 1: NR should study coded modulation schemes and modulation mappings for MIMO transmission with low receiver complexity and high performance.
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Annex
Table 1: Evaluation assumptions for link-level simulations.
	Parameter
	Assumption

	Waveform
	OFDM

	Carrier frequency
	2 GHz

	System bandwidth
	10 MHz

	Allocated RBs
	5 RBs

	Channel model
	TDL-A 5 Hz

	Channel estimation
	Ideal

	Modulation
	64 QAM, 256 QAM

	Channel code
	LDPC (code rate = 0.75)

	Codebook
	No precoding (i.e. identity matrix)
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