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Introduction
In RAN1 #85, the following agreement was made [1],
	Agreements:
· The following DL multi-antenna transmissions to be studied for NR
· Closed-loop/(Semi)Open-loop spatial multiplexing
· Single/Multi-point transmissions
· SU/MU-MIMO
· Transmit diversity, 
· e.g., Single/Multi panel spatial diversity
· Combination of above techniques
· Other DL multi-antenna transmissions and related techniques are not precluded
· This does not imply that used transmission technique needs to be known to the UE



Time-reciprocity is considered as one of the CSI reporting candidates [1]. With channel estimates available from the uplink, more advanced MU-MIMO can be considered for 5G. For MU-MIMO, nonlinear precoding is an effective precoding method to remove user interference for MU-MIMO. In this contribution, we introduce a nonlinear precoding scheme [2] and discuss advantages and backward compatibility of the nonlinear precoding scheme. Link level simulation results are shown in Section 2 to demonstrate the effect of user distribution on the performance of a nonlinear precoding scheme. Impact of the nonlinear operation on specification is discussed in Section 3.
Nonlinear precoding for NR Massive MIMO
Linear precoding (LP) scheme is a conventional approach to realize MU-MIMO. Block diagonalization (BD) is a well-known technique to create prescribed nulls for UEs except for the target UE in order to mitigate inter-user interference (IUI). BD works well in a spatially-uncorrelated scenario and simplifies receiver designs. However, by consuming degrees of freedoms in MIMO systems to create perfect nulls for non-target UEs, a tradeoff between interference mitigation and achievable spatial diversity arises. Moreover, IUI mitigation performance of LP degrades considerably in ill-conditioned or spatially-correlated channels, resulting limited throughput.
Alternatively, nonlinear precoding (NLP) achieves near-capacity and establishes robust links over MU-MIMO downlink transmission even in spatially-correlated or ill-conditioned channels. As illustrated in Figure 1, NLP can equivalently produce null spots at UE reception points by canceling IUI signal at TX in advance. In a typical NLP scheme, a combination of feedforward and feedback functionalities at TX is required, where the former is LP, and the latter is realized by IUI-precancellation (PC). Unitary matrix based LP can easily be realized by block triangulation (BT). Through BT, spatial diversity gain can be obtained. Subsequently, NLP can be used to cancel IUI in the processed signal. Thus, using a combination of LP and NLP spatial diversity and IUI-free signal can be obtained simultaneously.
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[bookmark: _Ref450900327]Figure 1: An example of nonlinear precoding in a high UE density environment

Observation 1: A combination of linear precoding and  pre-cancellation of inter-user interference can simultaneously yield spatial diversity and interference free transmission. 

To realize low-PAPR IUI cancellation at the transmitter, modulo operation is a well-known method to compress signal constellation at IUI-PC output. Combined with modulo operation, BT and IUI-PC enable power efficient NLP with reasonable complexity. This configuration is generally known as Tomlinson-Harashima precoding (THP) [3]. The transmitter structure with NLP and LP is shown in Figure 2. In the figure, ,  and  denote the number of substreams, users and transmit antennas. The number of substreams for the  user is denoted by .
As shown in Figure 3, although use of modulo operator at TX obliges all UEs to have the same modulo operator, its impact on hardware implementation can be kept low. In Figure 3,  denotes the number of RX antennas for the ith user. Note from Figure 3, that no interference cancellation is needed at UE since IUI has been canceled at TX. In practice, THP is known for its ability to reduce interferences within the transmitted signal. For example, THP was adopted as the part of IEEE 802.3an standard for 10GBASE-T currently in-use, for mitigation of far-end crosstalk (FEXT) over copper twisted-wire pair cables [4]. 
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[bookmark: _Ref450917793]Figure 2: MU-MIMO transmitter diagram with NLP and LP
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[bookmark: _Ref450917749]Figure 3: Receiver diagram using modulo operator

Figure 4 shows the CCDF of relative TX array output power. The simulation parameters are shown in Table 1. Here the abscissa is normalized by average power in LP (BD). Due to NLP, channel variation may lead to extremely high TX array output power without modulo operation: more than 30 dB at CCDF of 10-3. In contrast, it is noticeable from Figure 4 that applying modulo operation to NLP significantly reduces TX power to the level equivalent to LP (BD).

Observation 2: Increased TX power due to NLP can be lowered by modulo operation in massive MIMO


[bookmark: _GoBack]
[bookmark: _Ref458434442]Table 1 Simulation parameters
	Transmit antennas
	16

	Modulation 
	OFDM
(QPSK,16QAM, 64QAM, 256QAM)

	Precoding method
	BD/BT

	Modulo parameter
	Modulo threshold = 1.225

	IFFT points
	2048 points

	The number of subcarrier
	1200

	FEC
	Turbo Code (R=1/2 – 4/5)
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[bookmark: _Ref450582691]Figure 4: CCDF of instantaneous TX array output power,

In total 16 streams are transmitted from BS. Two different user distributions are considered in this contribution, which are illustrated in Figure 5 and Figure 6. In the two scenarios, different spatial correlations are simulated. In the randomly distributed UE scenario, which is illustrated in Figure 5, 8 UEs are distributed randomly in the 120–degree range. As a corner case, closely located UEs, modeled by pairs of UEs separated by at most 2.5 degrees, illustrated in Figure 6, are also considered.
The purpose of the analysis here is to focus on the impact of the UE distribution on a precoding scheme’s performance. Thus, for the sake of simplification of the analysis, performance of NLP in the aforementioned conditions is evaluated by link level simulations. Figure 7 and Figure 8 demonstrate CDF of sum-rate spectral efficiency (throughput) performance in MU-MIMO downlink transmission, the simulation parameters are shown in Table 2. 
Compared with LP (BD), higher spectral efficiency can be obtained by using NLP. At the 10th percentile, 64 bps/Hz can be achieved by using NLP whereas 45 bps/Hz is obtained by using LP (BD) when users are located close to each other. It is clear by comparing Figure 7 and Figure 8 that improvement by NLP is significant in a spatially-correlated scenario. This is because more severe interference occurs between closely located UEs and NLP becomes an effective solution in that case.
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[bookmark: _Ref458514595]Figure 5 Random user distribution
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[bookmark: _Ref458514597]Figure 6 Paired UEs located close to each other



[bookmark: _Ref458452243]Table 2 Simulation parameters
	Number of subarrays
	16

	Number of elements per subarray
	64

	Number of UEs
	8

	Number of streams per user
	2

	Number of antennas at UE
	4

	User distribution
	Random / paired  

	Channel model
	WINNER II

	Transmission efficiency
	0.70



Observation 3: Nonlinear precoding can increase throughput when spatial correlation exists in channels experienced by UEs

[bookmark: _Ref450664823]Figure 7: CDF of spectral efficiency when UEs are randomly placed


[bookmark: _Ref450583037]Figure 8: CDF of spectral efficiency when pairs of UEs are located close to each other



Backward compatibility of the modulo operation at the receiver
 Compatibility of nonlinear precoding with linear precoding is investigated in this section. From Figure 3, it is clear that modulo operation is needed at the receiver. Whether modulo operation is compatible with linearly precoded systems such as LTE MIMO needs to be investigated. 
As shown in Figure 9, only linear precoding is implemented at the transmitter in the simulation. The receiver used in the simulation is shown in Figure 3. The user distributions considered in this evaluation are illustrated in Figure 5 and Figure 6. From Figure 10, it is clear that modulo operation does not have big negative impact on the performance of the receiver at SNR higher than 0dB. 
 On the other hand, as shown in Figure 11, when UEs are located close to each other, the modulo operation causes small performance degradation, due to low effective SNR from SVD applied to highly correlated channels. Thus, highly correlated channel case can be treated as  the worst case scenario in this analysis, since it creates an unfavorable channel condition for the SVD operation.
The fact that the modulo operation has small negative impact on the performance indicates that even when linear precoding, which is a well adopted method for LTE-based MIMO, is used at the transmitter, the receiver which is designed to receive the nonlinear precoding scheme can also process the linearly precoded signal with a little performance degradation. 

Observation 4: When only linear precoding is applied at the transmitter, modulo operation at the receiver causes small degradation when channels UEs experience are highly correlated
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[bookmark: _Ref458435076]Figure 9 Transmitter implementing linear precoding
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[bookmark: _Ref458520861]Figure 10 Throughput vs. CNR when 8 users are located at random positions
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[bookmark: _Ref458521239]Figure 11 Throughput vs. CNR with 4 pairs of UEs


Impact on specification for including nonlinear operation, new features required for nonlinear precoding
It should be noted that to obtain the optimum performance, accurate channel information is required for both linear and nonlinear precoding. To separate users at the transmitter by nonlinear precoding, accurate channel information is required at the transmitter. For this purpose, we think the SRS based time reciprocity scheme, which is agreed to be discussed in NR SI [1], is a suitable scheme for obtaining accurate channel information for the nonlinear precoding scheme. 

Observation 5: Reciprocity based channel reporting schemes should be considered for the nonlinear precoding scheme 
As shown in Section 3, the modulo operation at the receiver does not cause significant performance degradation. Thus, no extra signaling is required from the base station to inform the receiver that nonlinear operation is implemented at the transmitter.
Concerning modulo operator, there could be two options for the UE capability. If all UEs are equipped with modulo operator, the base station can turn on or off the nonlinear precoder, depending on the density of UEs. If it is optional to have a modulo operator, UEs can inform the base station its capability to decode nonlinearly precoded signals.
 Thus there will be two options:
1. All NR compliant UEs are equipped with modulo operator. BS may turn on or off nonlinear precoding depending on the UE environment.
2. It is optional to have the modulo operator at UE, BS may turn on or off nonlinear precoding operation depending on the UE capability or UE environment.

Observation 6: No extra signaling from the base station to UEs is required to indicate presence of the nonlinear precoder since modulo operation at the receiver does not cause significant performance degradation
Observation 7: Regarding UE capability and nonlinear precoding operation, the following options can be considered:
1. All NR MIMO UEs are equipped with modulo operator. BS may turn on or off nonlinear precoding depending on the UE environment.
2. It is optional to have modulo operator at UE. BS may turn on or off nonlinear precoding operation depending on the UE capability.
Conclusion
 In this contribution, advantages of nonlinear precoding are explained. Impact on specification and backward compatibility are also discussed.  The following observations are made in this contribution.
Observation 1: A combination of linear precoding and  pre-cancellation of inter-user interference  can simultaneously yield spatial diversity and interference free transmission. 
Observation 2: Increased TX power due to nonlinear precoding can be lowered by modulo operation in massive MIMO
Observation 3: Nonlinear precoding can increase throughput when spatial correlation exists in channels experienced by UEs
Observation 4: When only linear precoding is applied at the transmitter, modulo operation at the receiver causes small degradation when channels UEs experience are highly correlated
Observation 5: Reciprocity based channel reporting schemes should be considered for the nonlinear precoding scheme 
Observation 6: No extra signaling from the base station to UEs is required to indicate presence of the nonlinear precoder since modulo operation at the receiver does not cause significant performance degradation
Observation 7: Regarding UE capability and nonlinear precoding operation, the following options can be considered: 
1. All NR MIMO UEs are equipped with modulo operator. BS may turn on or off nonlinear precoding depending on the UE environment.
2. It is optional to have modulo operator at UE. BS may turn on or off nonlinear precoding operation depending on the UE capability.

We recommend nonlinear precoding to be studied for NR-MU-MIMO and make the following proposals:
Proposal 1: Consider and study effectiveness of nonlinear precoding for NR MIMO
Proposal 2: Reporting mode and reference signal design for nonlinear precoding should be studied for NR MIMO
Proposal 3: UE capability for nonlinear precoding should be investigated
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