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Introduction
In RAN1#86bis, the following was agreed regarding non-linear precoding schemes:
WF on Spatial Multiplexing Schemes for MU-MIMO [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 propose a low-complexity mixed linear and non-linear precoding scheme that is robust against the channel imperfections and compare with the standard linear and non-linear precoding schemes in terms of the simplified evaluation method in the presence of channel imperfections, the precoding performance, the complexity, as well as specification impact.
Discussions of linear and non-linear precoding schemes
Taking advantages of spatial division multiple access, Multi-User Multiple Input Multiple Output (MU-MIMO) systems have potential to provide a high capacity. In the MU-MIMO scenario, a Base Station (BS) or a Transmit Receive Point (TRP) is equipped with multiple antennas and it is simultaneously communicating with a group of User Equipment (UEs), where each of them has multiple antennas. To alleviate the complexity and power consumption at the UE side, the BS/TRP utilizes the Channel State Information (CSI) available at the transmitter to carry out precoding, so that UEs are able to share the same channel and meanwhile multi-user interference is mitigated.
With full CSI at the transmitter side, the Costa’s “Dirty-Paper” Coding (DPC) technique [2], which relies on a pre-subtraction of the non-causally known interference, can achieve the maximum sum rate of the system and provide the maximum diversity order. Tomlinson-Harashima precoding (THP) is a simplified and efficient version of DPC [3][4][5][6][7], which is less computationally demanding and thus more attractive for practical implementation.  The THP-type structure consists of a feedback filter and a feedforward filter, which can be designed according to an LQ decomposition of the channel matrix [image: ], where [image: ] and [image: ] correspond to the number of transmit antennas and the total number of receive antennas, respectively. Due to the successive interference cancellation, THP type schemes require the instantaneous CSI at the transmitter.
Linear precoding techniques, such as Zero-Forcing (ZF) for single-antenna UEs and Block Diagonalization (BD) for multiple-antenna UEs [8], have a significantly reduced complexity as compared to DPCs. For example, the concept of BD precoder is the decomposition of the MU-MIMO downlink channel [image: ] into multiple parallel independent single-user MIMO downlink channels, where the precoding matrix is found to lie in the null space of all other users’ channel matrices. Thereby, the equivalent channel after precoding turns out to be block diagonal. For those linear precoding schemes, either instantaneous CSI or long-term CSI can be utilized to perform precoding or decoding, due to the fact that the extraction of subspaces (or null space) of UEs can be approximated based on the long-term CSI.
Non-linear precoding such as THP is able to provide a significantly enhanced system performance as compared to linear precoding (e.g., BD), especially for correlated channels where the subspaces of UEs are overlapped. However, non-linear precoding, which is very sensitive to channel imperfections and accordingly requires a much more frequent update of the CSI, has a prohibitively high complexity and requires large overhead. For the future large-scale antenna systems, how to take advantages of high-performance non-linear precoding and meanwhile keep a reasonable complexity is a key issue and of prime interest for further discussions.
Observation 1: THP precoding is an efficient non-linear precoding solution but requires accurate CSI and a more frequent update of the precoder; Linear precoding based on the calculation of subspaces can be adapted to various degrees of CSI, including instantaneous CSI, long-term CSI, or limited CSI.
Proposed low-complexity mixed linear and non-linear precoding scheme and analysis
Low-complexity mixed linear and non-linear precoding design 
To enhance the robustness of non-linear precoding against channel imperfections and meanwhile alleviate the complexity for large-scale antenna systems, the proposed low-complexity and reduced-rank mixed linear and non-linear precoding scheme is depicted in Figure 1. Assuming that K users are divided into G groups, the total number of received antennas at UEs is denoted by [image: ] with [image: ] and [image: ] being the number of antennas for the k-th UE and the total number of antennas for the g-th group, respectively. The whole precoding procedure is implemented into two stages. The first-stage precoding is linear precoding denoted by a matrix [image: ], where we can write it into groups as [image: ] and [image: ] represents the precoding matrix for each group. UE grouping can be carried out based on different criteria. For a simplest case, we assume a fixed number of groups and apply random grouping, where the comparable number of UEs for each group is assigned.  The first-stage linear precoding [image: ] acts like a low-rank transformation and aims at mitigating inter-group interference, which can be designed based on the long-term CSI, e.g., using BD algorithm. The second-stage precoding is carried out in a reduced dimension in parallel for groups, where the non-linear THP method is performed within each group to effectively suppress the inter-user interference in the group (or called intra-group interference). 
[image: ]
[bookmark: _Ref468889254]Figure 1: Block diagram of the reduced-rank mixed linear and nonlinear precoding scheme
Modulo operation
Using THP, the channel symbols [image: ] are no longer taken from the signal constellation and are approximately uniformly distributed over its boundary region. This leads to an increased transmit power as compared to the transmitted symbols taken from the original constellation, quantified by the precoding power loss. For M-QAM constellations, such a power loss can be measured by
[image: ]
 				
Power loss is significant only for low-SNR channels, where small constellations are used. Therefore, power loss cannot be negligible and should be considered in the performance evaluation for small modulation sizes. Furthermore, non-linearly precoded UEs should have modulo operation for demodulation.
Observation 2:  THP requires modulo operations at both the BS and UE sides; Loss due to modulo operation in THP precoding cannot be negligible and should be considered in the performance evaluation for small modulation sizes.
Simplified evaluation method considering channel imperfections
In this section, we propose a simple system level evaluation method based on SINR to throughput mapping to analyze the performance of precoding schemes.
A simple method to calculate the throughput is to map the effective SINR to the rate according to various algorithms, which is denoted by a mapping function [image: ]. The rate for the l-th data stream can be written as
[image: ],
 				
where [image: ] corresponds to the SINR for the l-th data stream. The throughput for each UE and the cell throughput are obtained by  
[image: ]
 				
and 
[image: ]
 ,				
respectively, where the total number of data streams is represented by [image: ], with [image: ] corresponding to the number of data streams for the k-th UE. In the following, we will carry out the SINR analysis for both linear and non-linear precoding schemes.
[bookmark: _Ref468889566]For linear precoding
It is straightforward to calculate the SINR when linear precoding is applied. Given that we have the linear BD precoder [image: ]for K UEs designed based on the channel matrix [image: ], the total equivalent channel before receive combining seen by UEs can be written as
                               [image: ]
, 		               
where under the zero interference constraint the off-diagonal entries are zeros, i.e.,  [image: ]. Channel imperfections will cause non-zeros at off-diagonal entries. 
A simple but accurate error model for channel estimations is required to evaluate non-linear precoding schemes. The model that allows expressing the channel estimation error as SINR degradation or as an additional noise term can be considered. The performance of an estimator is approximated by modelling the channel estimation error as a modified Gaussian noise. The erroneous channel can be written as [image: ]. The precoding matrix [image: ] is  designed based on [image: ] and the resulting equivalent channel can be written as [image: ], where the first term [image: ] has a block diagonal structure for BD precoding and the error term [image: ] causes non-zeros at off-diagonal entries.
If we represent the equivalent channel after decoding as [image: ], assuming the equal power allocation is used for transmission, the received SINR for the l-th data stream can be approximated by
                         [image: ]
 ,		
where [image: ] is the noise covariance, and the interference term in the denominator occurs in the presence of channel imperfections.
[bookmark: _Ref468889474]For non-linear precoding
By assuming that the statistics of signals at the output of the feedback structure  [image: ] approximate those of the original data  [image: ] except for a power loss, a similar SINR calculation as that for linear precoding can be derived. Given that the feedforward filter of THP is also denoted by [image: ] based on the channel matrix [image: ], the total equivalent channel before receive processing [image: ] becomes lower triangular, where  the upper triangular entries turn out to be zeros, i.e., [image: ] in the ideal case. Based on the equivalent channel [image: ] and the equivalent residual error term from the interference [image: ]  after weighting at the receiver, the SINR for the l-th data stream is computed by


	[image: ],		      
where interference term occurs when channel imperfections are present.
For the proposed mixed linear and non-linear precoding
For the proposed two-stage precoding scheme, due to channel imperfections, there is not only the inter-group interference from the long-term BD precoding but also the inter-user interference within one group (or intra-group interference). Following the analysis in Section 3.2.1, the inter-group interference is represented by the off-block-diagonal entries  [image: ] with [image: ] being the first-stage precoding matrix obtained from the long-term CSI. Based on Section 3.2.2, let [image: ] be the effective channel matrix of the i-th UE in the g-th group and the intra-group interference comes from the non-zero entries [image: ]. The equivalent channel of the g-th group after two-stage precoding and combining is defined as [image: ] and the total equivalent channel as [image: ]. Thus, the SINR for the l-th data stream in the group g can be calculated by

 	[image: ],
 		       
where [image: ] is the number of UEs in the g-th group. 
Proposal 1: Equivalent channel based SINR to throughput mapping method can be considered to evaluate the performance of non-linear precoding schemes.
Proposal 2: A simple but accurate model of channel estimation errors should be considered to evaluate non-linear precoding schemes.
[bookmark: _Ref468886941]Evaluation results
We evaluate the cell throughput performance of various precoding schemes. The terms “Full BD” and “Full THP” correspond to the standard linear and non-linear precoding schemes, respectively. The proposed low-complexity mixed linear and non-linear technique is named as “RR-THP-BD”, where different numbers of groups are considered. We apply the WINNER II channel model in [9], where the BS consists of with 64 transmit antennas and serves 32 UEs, each with 2 receive antennas. Detailed simulation parameters can be found in Appendix. This is however a preliminary simulation setup which needs to evolve towards the agreed RAN1 modeling. 

[image: ]
[bookmark: _Ref468889590]Figure 2: CDF of cell throughout for various precoding chemes with and without channel imperfections

Figure 2 depicts the Cumulative Distribution function (CDF) of cell throughputs for various schemes with and without CSI error.  We can see that the THP-based non-linear precoding scheme provides the best performance under the perfect CSI condition for all UEs, while a large performance degradation is observed in the presence of CSI error. The linear BD precoding method is also affected by the CSI error, but is not that sensitive as compared to THP. The performance of the proposed “RR-THP-BD” scheme lies between that of the standard BD and THP methods. The number of groups [image: ] influences its performance. The smaller [image: ]  is, the more UEs are grouped in one group, and as a result more channels can be utilized for THP, leading to a better performance.  Furthermore, the proposed scheme is less sensitive to CSI errors due to the first-stage linear precoding based on long-term CSI, compared to the “Full THP” in the presence of CSI errors. 
Observations 3:  THP has a higher sensitivity to CSI errors compared to the linear BD precoding scheme; the low-complexity mixed linear and non-linear precoding scheme is less sensitive to CSI error than the full THP scheme.
[bookmark: _Ref468886985]Complexity analysis
This section analyzes and compares the complexity of the discussed precoding algorithms in terms of the number of Floating Point Operations (FLOPS) [10][11]. Since the THP scheme contains the feedback interference cancelation at the transmitter side and each symbol has to go through this loop, the corresponding complexity should be taken into account. Therefore, we analyze the computational complexity for different schemes within certain time duration by considering the update period of the precoding schemes. The overall complexity of the precoding scheme consists of two parts. One part arises from the computational complexity of operations to obtain precoding matrices such as SVD, matrix multiplications, LQ decomposition, etc. The other part is due to the precoding or filtering operation for all symbols. 
[image: D:\WORK\MATLAB\Florian\simulator\complexity.png]
[bookmark: _Ref468889618]Figure 3: Complexity of various precoding schemes in terms of the number of FLOPS versus the total number of transmit antennas
As an example, we plot the complexity of the aforementioned precoding schemes in terms of the number of FLOPS as a function of the number of transmit antennas ([image: ]) in Figure 3. It can be observed that “Full THP” has the highest complexity and the proposed “RR-THP-BD” precoder shows a low complexity, which may even better than the standard BD type schemes. The complexity of “RR-THP-BD” varies with the number of groups [image: ]. A larger [image: ]  leads to a higher dimensionality reduction and thus a lower complexity. 
Observation 4:  THP has a much higher complexity than BD precoding and the reduced-rank mixed linear and non-linear precoding scheme shows a low complexity.
Proposal 3: The reduced-rank mixed linear and non-linear precoding that well trades-off the performance and the complexity is proposed. 
Specification impact
CSI Acquisition
As discussed before, non-linear precoder needs accurate CSI and more frequent update of precoding to achieve a satisfying performance. One possible way would be to let the UEs estimate their own channels via CSI-RS and feedback the measured CSI to the BS. This strategy is disadvantageous for non-linear precoding due to the following reasons: 
· UEs have to spend significant efforts on frequently measuring the corresponding CSI  which is not desirable from perspectives of complexity and power consumption at UEs
· There will be a large amount of feedback, which greatly increases the overhead and reduces the uplink data rate
· The feedback delay degrades the CSI quality, besides the quantization
· Sufficient CSI-RSs are required for the channel acquisition, implying a large overhead.
Efficient CSI feedback schemes are required for THP to achieve a robust performance [6].  An alternative solution that exploits the TDD reciprocity should also be considered for non-linear precoding. In our proposed mixed linear and non-linear precoding scheme, the CSI can be measured by the SRS via uplink and used as the downlink precoder. Periodic SRS is supported and used to acquire the long-term CSI. In order to acquire the short-term CSI of the equivalent channel for non-linear precoding, either periodic SRS or aperiodic SRS combined with a network trigger can be applied. 
Proposal 4: The reciprocity based CSI acquisition scheme via periodic/aperiodic SRS is an alternative solution for non-linear precoding.
Conclusions
In this paper, based on the discussions of standard linear and nonlinear precoding schemes, we have proposed a low-complexity mixed linear and non-linear technique and compared it with standard methods in terms of the evaluation method considering channel imperfections, precoding performance, complexity, as well as specification impact. The following observations have been made:
Observation 1: THP precoding is an efficient non-linear precoding solution but requires accurate CSI and a more frequent update of the precoder; Linear precoding based on the calculation of subspaces can be adapted to various degrees of CSI, including instantaneous CSI, long-term CSI, or limited CSI.
Observation 2:  THP requires modulo operations at both the BS and UE sides; Loss due to modulo operation in THP precoding cannot be negligible and should be considered in the performance evaluation for small modulation sizes.
Observation 3:  THP has a higher sensitivity to CSI errors compared to the linear BD precoding scheme; the low-complexity mixed linear and non-linear precoding scheme is less sensitive to CSI error than the full THP scheme.
Observation 4:  THP has a much higher complexity than BD precoding and the reduced-rank mixed linear and non-linear precoding scheme shows a low complexity.
Based on the above observations, we have made the following proposals:
Proposal 1: Equivalent channel based SINR to throughput mapping method can be considered to evaluate the performance of non-linear precocding schemes.
Proposal 2: A simple but accurate model of channel estimation errors should be considered to evaluate non-linear precoding schemes.
Proposal 3: The reduced-rank mixed linear and non-linear precoding that well trades-off the performance and the complexity is proposed. 
Proposal 4: The reciprocity based CSI acquisition scheme via periodic/aperiodic SRS is an alternative solution for non-linear precoding.
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Appendix
Simulation parameters 

	Simulation Parameters 

	Channel Model
	WINNER II Local area small office scenario [9]

	CSI error model
	[9]

	MCS
	Rate-compatible punctured block low-density parity check code with mother code rate 1/2 [9]

	Carrier frequency
	5 GHz 

	Bandwidth
	89 MHz 

	Number of Subcarriers
	1840

	Used sub-carriers
	[−79∶ +79], 0 excluded

	Chunk size
	8 subcarriers, 15 OFDM symbols

	Duplexing Mode 
	TDD

	Number of Antennas @ BS
	64 

	Number of Antennas @ UE
	2 

	Number of UEs
	32

	UE grouping
	Random & equal/comparable number of UEs per group for the worst case

	UE velocity
	3 km/h



Setup of the complexity analysis
We assume that the “Full THP” updates its precoder every TTI, “Full BD” every 5 TTIs, “RR-THP-BD” has a long-term update of 10 TTIs, and a short-term update for reduced-rank THP of one TTI. The number of symbols per TTI is 15. Furthermore, we fix the number of antennas per UE as 2 and increase the number of UEs so that the number of transmit antennas equals the total number of antennas at UEs. 
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