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Introduction
In the RAN1 AH meeting, the following agreement was made [1]:

	R1-1701457	WF on nonlinear precoding	Mitsubishi Electric, Huawei, HiSilicon, InterDigital, NTT DOCOMO, IITH, CeWiT, IITM, Tejas Networks, AT&T
RAN1 recommends to continue discussions about R1-1701457 in the future meeting



As shown below, the proposal was to investigate and compare the performance and complexity of nonlinear precoding schemes against existing linear precoding schemes.

	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 addition, it was proposed to investigate possible specification impacts of nonlinear precoding on specification elements such as signaling and RS designs.  In this contribution, we attempt to summarize the observations made in the submitted contributions from various companies.
Use cases for nonlinear precoding

 Nonlinear precoding is known for interference cancellation method at the transmitter. 

Use of nonlinear precoding for MU-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. Such channels can be found in crowded scenarios where channels among UEs may be overlapped. Limitation of LP and possible performance loss in spatially correlated channels is also addressed in [3-6]. 
Alternatively, nonlinear precoding (NLP) achieves near-capacity and establishes robust links over MU-MIMO downlink transmission even in spatially-correlated or ill-conditioned channels. Thanks to the Dirty Paper Coding theorem, with availability of perfect channel state information, the maximum sum rate and diversity order can be achieved with NLP. An example of NLP usage is shown in Figure 1. 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, illustrated in Figure 2, 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, a structure similar to the innovation based structure is created in the processed signal at TX to obtain spatial diversity gain. 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



[bookmark: _Ref473649802]Figure 2 : A simplified block diagram for NLP

Use of nonlinear precoding for cooperative transmission

 NLP finds its applications in joint transmission in a backhaul-assisted network [7] or heterogeneous networks (HetNet) [8]. In the application considered in [7], THP was used to remove interference introduced by neighboring transmitters. Interference between several transmitters become a performance limiting factor in HetNet scenarios as described in [8]. To maximize spectral efficiency, allocation of dedicated frequency bands or time slots for macro or micro cells is avoided, allowing different layers of cells to share the same time-frequency resource. In such a HetNet application, transmitted signal from a macro cell introduce strong interference to the signal transmitted from a neighboring micro cell. Thus, macro and micro transmitters can share transmitted signal and use NLP to create interference free signal.

Observation 1: Transmitter side interference cancellation is effective in MU-MIMO, HetNet and CoMP scenarios

Proposal 1: Inter-UE interference susceptible MU-MIMO and joint transmission are considered as potential scenarios for transmitter side interference cancellation

Proposal 2: NR considers NLP as a potential solution for transmitter side interference cancellation technique

NLP transmission schemes

Nonlinear precoding schemes
To separate users at the transmitter by nonlinear precoding (NLP), accurate channel information is required at the transmitter for its linear and nonlinear operation. In RAN1, various feedback schemes such as reciprocity based channel estimation schemes are considered to improve quality of the feedback information for the transmitter. Thus, NLP can take advantages of the improved CSI acquisition mechanisms. 
Two types of NLP, namely Tomlinson Harashima precoding (THP) and vector perturbation (VP), are described in [2-7]. THP based nonlinear precoding scheme can be characterized by the block diagram shown in Figure 3. As shown in the figure, the NLP consists of a feedback filter, modulo operator and LP. The main purpose of the feedback filter is to remove any interference from the transmitted signal while the modulo operation is used to keep the transmission power below a threshold level.



[bookmark: _Ref465362310]Figure 3 Block diagram of THP based NLP

Vector perturbation is another approach in NLP. In VP, perturbation vector is created according to a design criteria, i.e., maximization of output SINR [3]. There are several variations for VP implementations. For example, VP can be combined with FB and LP as shown in Figure 4.



[bookmark: _Ref466108306]Figure 4 VP based NLP

VP can be combined with LP to lower increase in peak power, which may arise in massive MIMO applications. Similar to the VP based NLP, addition of the perturbation vector is followed by linear precoding, as shown in Figure 5.



[bookmark: _Ref466108345]Figure 5 VP with LP

Observation 2: THP and VP are candidate schemes for NLP

Nonlinear and linear hybrid schemes

 A combination of linear and nonlinear precoding schemes is proposed in [4, 5] to alleviate computational complexity required in NLP. In both schemes, user grouping is performed first and linear precoding is performed over the groups. Intra-group interference is canceled by NLP. The advantage of the hybrid approach is that computations required in NLP to cancel inter-user interference is reduced by dividing users into several groups.

Observation 2: THP and VP are candidate schemes for NLP

NLP reception schemes

The receiver architecture shown in Figure 6 can be used to demodulate the nonlinearly pecoded data. In both VP or THP based NLP, modulo operation can be used at the receiver for demodulation. Parameters for the modulo operation can be chosen based on the average transmission power as explained in [2, 9]



[bookmark: _Ref465361143]Figure 6 Receiver for THP or VP based NLP

Observation 3: Hybrid schemes offer tunable tradeoff between computational complexity and performance

Proposal 3: NR considers THP, VP and hybrid methods as nonlinear precoding

Views on specification impact
 
[bookmark: _GoBack] As described in the previous sections, NLP requires accurate channel state information to achieve perfect interference cancellation at the transmitter. A mechanism for the transmitter to acquire accurate CSI in a timely manner is needed. SRS, supported in NR, can be used in reciprocity based channel estimation in TDD. Both long and short term CSI can be obtained through SRS [4]. In addition, Type-II based CSI feedback using codebooks with higher resolution or analog feedback can also be considered for CSI feedback methods for NLP. 
 Nonlinear and precoding can be switched dynamically or used jointly with LP as described in the previous section. Since the modulo operation is needed at the receiver for optimal demodulation of NLP signals, the transmitter needs to signal precoding type to UE [5, 6]. Choices of linear precoding can have impact on the performance. For the optimum performance, it is suggested in [6] to signal a type of the linear precoding matrix used at the transmitter.
In terms of reference signals, DMRS designs needs to be discussed for NLP. For linearly precoded systems, UEs can estimate fading channels combined with precoding matrices since precoding matrices are transparent to UEs. Moreover, interference from other UEs can be estimated using DMRS assigned to different ports. Using nonlinearly precoded signals, estimation of the channel or interference is not straightforward. Thus, treatment of DMRS for NLP requires careful inspection. One solution is to use linear precoding during the transmission of DMRS and NLP for data [2].

Observation 4: Types of precoding schemes should be considered for DMRS designs

Observation 5: Types of precoding schemes should be signaled to UEs for optimal performance

Proposal 4: NR considers DMRS designs and signaling methods for interference cancellation mechanism at the transmitter

Views on abstraction of NLP
  In system level simulations, abstraction of NLP schemes becomes a critical issue when considering simulation speed. Proposals for appropriate metrics have been made in two contributions [4, 11]. In both approaches, attempts to ease computational complexity and reflect effect of inter UE interference and quality of channel estimation have been made. In [4], SINR based metrics, taking channel imperfections into account, are proposed for NLP, LP and hybrid schemes. In [11], computations which are tight approximations for the worst and best layers in MU-MIMO are proposed. Approaches to reduce computations to calcuate the abstraction metrics are also proposed in [11]. 

Observation 6: Accurate and computational friendly abstraction methods should be studied

Evaluation of performance and computational complexity
Performance evaluation by simulations has been conducted in [4, 6, 7, 10]. In [4], performance of NLP and hybrid NLP schemes are evaluated with the WINNER II channel model. The evaluation results have shown sensitivity of NLP to CSI error and tradeoff between performance and complexity of the hybrid approach. The computational complexity for NLP and hybrid approach is also shown in the contribution, demonstrating tunable computational complexity of the hybrid approach. In [6], various linear precoding schemes combined with NLP are compared against DPC. It is shown that triangularing linear precoding combined with DPC approaches the performance of DPC as SNR increases. It is also shown in [6] that the supportable number of users can be increased with NLP based schemes. Dependence of NLP on CSI feedback quality is investigated in the simulation. In [7], THP-based joint transmission schemes for CoMP scenarios are evaluated by simulations. TDD reciprocity is assumed in the evaluation. It is shown that even in the presence of channel estimation error, THP based JT schemes yield performance gain as the number of transmit antennas increases. Finally, in [10], MU-MIMO evaluation performances have been conducted. CSI estimation error is incorporated in the simulation and it is shown that NLP based schemes lose 2 to 5dB compared to the ideal or semi-ideal CSI estimation.
In our companion contribution [12], performance gain is shown with NLP with the MU-MIMO link level simulation parameters agreed in [13]. The simulation is conducted with ideal or non-ideal CSI feedback. Even with the non-ideal CSI feedback, significant performance gain can be obtained with NLP over linearly precoded systems.
 Finally, field trial results are shown in [14]. A dense-urban like environment where UEs are located to close to each other is considered. LTE-based parameters with the carrier frequency of 2.35GHz are considered in the paper. The results have shown that THP based NLP can bring significant gain, compared to LP, in terms of cell throughput and spectral efficiency by cancelling interfering layers at the transmitter.

Observation 7: Both simulation results and field trials have shown performance gain obtained from NLP, compared to LP

Observation 8: Computational complexity of NLP should be investigated

Conclusion 
In this contribution, we summarized companies’ analysis on nonlinear precoding and make the following observations and proposals: 

Observation 1: Transmitter side interference cancellation is effective in MU-MIMO, HetNet and CoMP scenarios

Observation 2: THP and VP are candidate schemes for NLP

Observation 3: Hybrid schemes offer tunable tradeoff between computational complexity and performance

Observation 4: Types of precoding schemes should be considered for DMRS designs

Observation 5: Types of precoding schemes should be signaled to UEs for optimal performance

Observation 6: Accurate and computational friendly abstraction methods should be studied

Observation 7: Both simulation results and field trials have shown performance gain obtained from NLP, compared to LP

Observation 8: Computational complexity of NLP should be investigated

Proposal 1: Inter-UE interference susceptible MU-MIMO and joint transmission are considered as potential scenarios for nonlinear precoding for NR

Proposal 2: NR considers NLP as one of the potential solutions for transmitter side interference cancellation technique

Proposal 3: NR considers THP, VP and hybrid methods as nonlinear precoding

Proposal 4: NR considers DMRS designs and signaling methods for interference cancellation mechanism at the transmitter
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