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Introduction
In RAN1 #86bis Meeting, potential use and benefits of non-linear precoding for DL MU-MIMO were proposed and discussed [2-3], and the followings were agreed [1]
· 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.)

In this contribution, we provide a general overview of main candidates of non-linear precoding schemes for DL MU-MIMO transmission.

Motivation for Non-linear Precoding 
The main motivation for any MU-MIMO scheme is to approach the capacity that a wireless channel could potentially offer. In a MU-MIMO system, with M transmit antennas at the base station, and K users, the sum-capacity of optimal dirty paper coding (DPC) transmission scheme grows linearly over K when full channel knowledge is available at the base station. In a realistic system, this capacity may not be reached due to imperfect channel knowledge, however it is important to reduce the performance gap by proper design of the precoding mechanism.

In general, precoding schemes can be grouped under two main categories; 1) linear and 2) non-linear. Linear precoding schemes, as used in LTE, are essentially based on the channel inversion concept that attempts to suppress inter-user interference through spatial processing. While linear precoding mechanisms may offer relatively low implementation complexity, it has been shown that sum-rate achieved by linear precoding such as channel inversion saturates to constant for increasing K [6]. Furthermore, linear precoding may not exhibit a good performance in high UE density scenarios and/or correlated channel environment.

The alternative precoding approach is the non-linear mechanism that rather than merely relying on spatial separation and processing of the user data symbol vector, it attempts to improve the performance by non-linear operations.  The conceptual idea of non-linear precoding schemes was inspired by the Dirty Paper Coding (DPC) [4], however it did not garner much interest for real life implementation due to prohibitively high computational complexity. As a results, sub-optimum non-linear precoding schemes such as Tomlinson Harashima Precoding (THP) [5] and Vector Perturbation (VP) [6] are considered reduced-complexity alternatives. As such VP and THP are appealing alternatives because computational complexity is mostly at the base station transmitter and the complexity at user equipment is negligible.
In the following sections, a brief description of VP and THP schemes are presented. To facilitate the discussion, the main signals of interest are as follows; , , ,  and  represent the transmitted  user data symbol vector, estimated user data symbol vector, precoded symbol vector, additive noise and the received signal vector, respectively. The MU-MIMO channel is characterized by , and  represents a linear precoding operation. The function  is the complex modulo function defined as , where  is a known scalar that is determined by the employed constellation. For QPSK modulation,, and for 16QAM modulation,  are assumed.

THP Precoding 
Figure 1 shows the basic operation of THP non-linear precoding. The concept of THP is mainly derived from the decision feedback equalizer technique where the interference resulted from the tail of previously estimated symbols are reconstructed and cancelled out from the current received symbol. However, in THP the inter-user cancellation is entirely performed at the transmitter where  is a lower triangular matrix representing successive cancellation of the users. To prevent power growth resulting from the successive cancellation step, the modulo function is used. At the receiver, the received signal vector is first scaled by the diagonal matrix , and then an estimate of the transmit information vector is produced by performing the modulo operation [5]: 

An important aspect of THP processing is the determination of the feedback filter  that is required for the successive interference cancellation. The feedback filter  is commonly acquired through QR decomposition of the channel. However, prior to the decomposition step, users need to be ordered based on their strength and channel quality. Therefore, in case of inaccurate channel estimates, some performance degradation may be expected. Moreover, given frequency selectivity of the channel, the user ordering across the band may not be consistent.  
Another important aspect of THP is the indication of the scaling factor  to the UEs. Depending on the design of the ordering mechanism, there could be a single ordering for the entire scheduled band, or one per sub-band.  In the latter case, indication of more than one scaling factor per UE is needed.
  

 
Figure 1 - Overall process of THP precoding
VP Precoding
Figure 2 shows the basic operation of VP-based non-linear precoding. In this figure,  is called the perturbation vector comprised of elements that could take any complex integer. For each transmission event, the perturbation vector is scaled by  and then added to the data symbol to be transmitted (u). In other words, the transmitted symbol is perturbed and relocated from its original constellation point to a new constellation point. As a result of the perturbation, the original constellation is extended well beyond its original size. For example, as demonstrated in Figure 3, as a result of the perturbation,, the original information symbol,  is moved to . When the perturbation is performed, then vector  is linearly precoded and transmitted. At the receiver, similar to the THP receiver processing, the received signal is first scaled by the diagonal matrix , and then is reconstructed by the modulo operation. The perturbation elements  can be determined based on a number of different criteria. An example would be to maximize the SINR at the output of the modulo function.
Assuming perfect channel inversion by the linear precoder , the estimated information symbol for the   user, can be formulated as . 
Since VP does not rely on an ordering process for interference cancellation at the transmitter, it may not be as sensitive as THP to channel estimation errors. However, similar to THP, it requires an indication mechanism to communicate the scaling factor to the UEs. Moreover, depending on the design of the perturbation mechanism, there could be a multitude of scaling values per entire scheduled band.
	

 
Figure 2 – Overall process of VP precoding


Figure 3 – Extended Constellation resulted from perturbation
Summary
In this contribution a brief description of THP and VP non-linear precoding schemes are provided. Based on the presented discussion, following proposals are made.
Proposal 1: RAN1 studies both THP and VP as non-linear precoding schemes for MU-MIMO.
Proposal 2: The impacts of channel estimation errors, and the potential inconsistency of user ordering across the scheduled band are considered for the performance evaluation of the non-linear precoding scheme.
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