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1. Introduction
MU-MIMO is considered as a key technology in NR to satisfy the 5G requirement. With the possibility of mounting larger antenna arrays, it is possible to extend the LTE MU-MIMO technologies to support higher order MU-MIMO. In addition to the conventional linear precoding based MU-MIMO transmission scheme, it is also beneficial to consider high performance MU-MIMO schemes, e.g., by using non-linear precoding. At the RAN1 #86bis meeting, the following agreements have been reached [1,2].

	Agreements:
· Study performances of nonlinear precoding schemes for MU-MIMO focusing on the following aspects

· Potential nonlinear precoding schemes

· Performance advantages over linearly precoded systems

· Comparison of complexity with respect to linearly precoded systems

· Specification Impacts (e.g., signaling and RS design, etc.)


During the RAN1 #87 ad hoc meetings, the WF about non-linear precoding schemes [3] was discussed and RAN1 recommended to continue discussions about this WF in future meetings [4].
In this contribution, we discuss candidate non-linear precoding schemes and the possible specification support of those schemes.
2. Discussions on Non-linear Precoding Schemes
Linear precoding schemes such as zero-forcing block-diagonalization (ZF-BD) are commonly used in practical systems for MU-MIMO transmissions nowadays due to its lower complexity. Such sub-optimal precoding algorithms have near optimal performance when the number of spatially multiplexed layers is not too many and there is low cross-correlation of the channels for different users. However, if these conditions cannot be satisfied, linear precoding schemes suffer from severe power loss which results in large performance loss, whereas non-linear precoding (NLP) schemes such as Tomlinson-Harashima precoding (THP) and vector-perturbation (VP) have better performance in such scenarios. According to the field trial results shown in [5], THP provides high system performance with high-order MU-MIMO transmission even in the case that user channels are highly correlated due to very dense user distribution. In very dense scenario, the gain of the cell throughput with THP transmission schemes is 8% ~ 19%, which shows the advantage of non-linear precoding schemes.  Such observations motivate the study of non-linear precoding schemes since some dense distributed scenarios have been considered in the NR study.
For both THP and VP discussed in this paper, there are some distinctive signal processing procedures at both transmitter and receiver sides. Some standardization efforts are necessary to support these precoding schemes into practical systems. We will discuss these specification impacts in the following.
2.1. Necessary standardization efforts to support NLP
2.1.1. Notification of precoding schemes
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Figure 1: The signal processing procedure of THP.
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Figure 2: The signal processing procedure of VP.

Figure 1 shows the signal processing procedure of THP at the transmitter side, where the feedback processing matrix B and feedforward processing matrix Q are obtained from the QR-decomposition of the downlink channel. During the feedback processing of THP, successive interference cancellation is conducted, which will cause the increased signal power after such processing. In order to control the power of the symbols to be transmitted, a modulo operation is added during the successive interference cancellation. This operation regulates the symbol power within the range of the modulation constellation. At the receiver side, after receiving the symbols, if a symbol is out of the range of the modulation constellation, a de-modulo operation should be conducted to recover the original transmitted signal.
Motivated by the idea of THP that using a vector to control the power of the symbols, VP precoding scheme also introduces a vector added on the transmission symbols, which is used to reduce the power loss of the linear precoding schemes caused by the possible ill-conditioned channel matrix. Additional receiving operation shall be added as well which recovers the vector added to the transmitted symbols.
For both THP and VP, a vector is added on the transmission signals, which should be removed during the demodulation. The de-modulo operation at the receiver side is an additional operation compared with that when the linear precoding schemes are applied.
According to these discussions, whether NLP is used should be notified to UE either explicitly or implicitly by specified procedures or signalling. Especially, if the precoding scheme can be notified to UE dynamically, e.g., by downlink control information (DCI), the following can be supported, 

· Dynamic switching between linear and non-linear precoding;

· Hybrid linear and non-linear precoding schemes. 
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Figure 3: Dynamic switching between linear and non-linear precoding.
If the dynamic switching between linear and non-linear precoding is supported, the TRP can decide the precoding schemes according to the condition of the user channel. As demonstrated in the Figure 3, if the channel is well-conditioned, linear precoding can be used to reduce the complexity and avoid the performance loss caused by modulo operations of NLP. But, when the channel is not well-conditioned, linear precoding performs poor and NLP can be used to improve the system performance.
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Figure 4: Hybrid linear and non-linear precoding schemes.
Moreover, with dynamic notification of precoding scheme, the TRP can also consider using hybrid linear and non-linear precoding schemes to reduce the implementation complexity. As an example shown in Figure 4, the users can be divided into groups according to the beam selection or channel correlation. After that, linear precoding such as ZF-BD can be used as inter-group precoding scheme. Within each group, linear or non-linear precoding schemes can be selected according to the channel condition of the grouped users. The overall precoding schemes can be viewed as a hybrid precoding scheme. With such scheme, the NLP only processes with the intra-group user channel, whose dimension is reduced. Therefore, the overall system complexity can be controlled.
According to these discussions, we have following observations and proposals.

Observation 1: It is beneficial to support dynamic switching of the precoding scheme, in which TRP can select the precoding schemes according to the instant channel conditions.
Proposal 1: Switching between linear and non-linear precoding scheme should be dynamically signalled to UE either implicitly or explicitly, if both of the linear and non-linear precoding schemes are supported.

2.1.2. RS design
In general, the same signal processing procedure should be applied on data symbol and the DMRS symbols to facilitate the equivalent channel estimation at the receiver side. However, the modulo and vector perturbation operation used in THP and VP will introduce ambiguity to RS symbols and destroy the equivalent channel estimation from the reference signals. Therefore, the DMRS and data symbols should follow different signal processing procedures when NLP is used, which should be studied in NR.
Another issue related to the RS design is about the advanced receiver. For linear precoding schemes, the multi-user interference (MUI) can be estimated on other DMRS ports to enable the IRC receiving to suppress the interferences. However, for NLP schemes such as THP, due to the successive interference cancellation processing at the transmitter side, the characteristics of interference is not carried on the other DMRS ports. If we still want to enable the advanced receiver at UE side, special RS and corresponding signalling design are necessary.
Observation 2: RS design should consider how to enable advanced receiver when NLP is used.
Proposal 2: Study different processing procedures between DMRS and data for NLP.
Proposal 3: Study the RS design to support advanced receiver when NLP is used.
3. Evaluation Methodology on Non-linear Precoding Schemes

System-level simulation is a necessary step to verify the performance benefit of new methods with more practical scenarios. Due to the significant difference on signal processing required by NLP schemes, compared to LP schemes, how to model the NLP transmissions is an important issue. A reasonable model shall not only enable  fair performance comparison between linear and non-linear precoding schemes, but also make it feasible for system level evaluation. In this section, we discuss the models for the performance evaluation of NLP schemes.

Vector-perturbation Precoding

Suppose 
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is the data symbols to be transmitted, VP generate the transmission symbols as [6]
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where 
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is the downlink channel, 
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is a constant, 
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is the power normalization factor, and 
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is the vector for perturbation. After the vector perturbation, smaller power normalization factor than that with ZF can be expected. Therefore, the major difference between VP and linear precoding schemes is the power difference of precoding vectors. The vector perturbation itself also introduces some distortation since in principle it modifies the symbol constellation used for the transmissions. Such impacts can be modeled as a constant SNR loss given the constellation of the modulation, e.g., based on the analysis in [7]. Therefore, we propose the following model for system-level simulation of VP.
Proposal 4: Evaluate the performance of VP by modelling the power boost effect of VP and the impacts of perturbation vector as a constant SNR loss.

Tomlinson-Harashima Precoding

Due to the successive interference cancellation at the transmitter side, it is more complicated to model THP for the system-level evaluations. Similar to the VP, we can also model the impact of modulo operation itself as a constant SNR loss. With such simplification, the vectors corresponding to the modulo operations of THP is omitted in the following derivation.

The transmission signal of K layers after THP can be written as a vector
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where the elements in
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, which corresponding to each transmission layer k, can be obtained in a successive interference cancelation way as [8]
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The matrix Q and 
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 can be obtained by the THP algorithm with the downlink channel used for the precoding [8]. Given a layer k, at the receiver, the received symbol after the detection is
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where G is the receiving vector, 
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 is the downlink channel for user k, and 
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 the thermal noise of the receiver.

To simplify the notation, we define 
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According to (4), the post-detection signal power for layer k is
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Due to the successive interference cancellation procedure of THP, for a given layer k, the interference of other layers has different impacts from layer to layer. For the layer from l=k+1 to K, the received signal  
[image: image21.wmf]ll

w

x

¢

 can be viewed as interference. Suppose that the average power of 
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 is 1, the power of interference from these layers is then
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The interference of layer 1 to k-1 is partially removed at the transmitter side by the THP transmission (For an ideal case, it is completely removed.). The residual interference part can be written as
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We still suppose that the average power of 
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 is 1, the power of this part of the interference is then
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Finally, the post-detection SINR of this transmission layer is
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where 
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 is the inter-cell interference for layer k, 
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 the power of thermal noise, and 
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 is a constant SINR bias to model the loss caused by modulo operations of THP. Based on the analysis in this section, we propose the following.
Proposal 5: Evaluate the performance of THP with the post-detection SINR model shown in (8).
4. Conclusion

We discussed several issues about non-linear precoding schemes in NR. Based on these discussions, we have following observations and proposals,
Observation 1: It is beneficial to support dynamic switching of the precoding scheme, in which TRP can select the precoding schemes according to the instant channel conditions.
Observation 2: RS design should consider how to enable advanced receiver when NLP is used.

Proposal 1: Switching between linear and non-linear precoding scheme should be dynamically signalled to UE either implicitly or explicitly, if both of the linear and non-linear precoding schemes are supported.
Proposal 2: Study different processing procedures between DMRS and data for NLP.
Proposal 3: Study the RS design to support advanced receiver when NLP is used.

Proposal 4: Evaluate the performance of VP by modelling the power boost effect of VP and the impacts of perturbation vector as a constant SNR loss.

Proposal 5: Evaluate the performance of THP with the post-detection SINR model shown in (8).
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