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Introduction
In the RAN1#86b meeting, the following agreement was made [1]:

	R1-1610831	WF on Spatial Multiplexing Schemes for MU-MIMO	Mitsubishi Electric, InterDigital, Samsung, NTT DOCOMO, IITH, IITM, Tejas Networks, CEWIT, KDDI
Also supported by AT&T, Reliance jio, Huawei, HiSilicon



As shown below, the proposal was to investigate and compare the performance and complexity of nonlinear precoding schemes against existing linear precoding schemes [2].

	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 provide further studies on the possible benefits and impacts of nonlinear precoding schemes on the specification.
Introduction of nonlinear precoding schemes
Variants of THP and VP transmission 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 new CSI acquisition schemes. 
In this subsection, several variants of NLP are described.



[bookmark: _Ref465362310]Figure 1 Block diagram of THP based NLP

THP is a well-known technique which can be used to cancel inter-user interference prior to the LP operation [3, 4]. Thanks to the feedback filter (FB), inter user interference that may arise in the LP operation can be canceled. Increase in the signal envelop due to the FB operation can be suppressed by the modulo operator at the transmitter. At the receiver, the modulo operation is needed for demodulation. More detailed descriptions for each component in Figure 1 are depicted in Figure 2.
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[bookmark: _Ref465855974][bookmark: _Ref465855970]Figure 2 : MU-MIMO transmitter diagram with NLP and linear precoding (LP)

VP is also a well-known technique which can suppress the increase in peak power [6] or eliminate interference at the transmitter [7, 8]. An optimum perturbation vector to achieve a target metric can be added to the input of LP. Addition of the perturbation vector is coupled with the modulo operation [8]. Thus, at the receiver, modulo operation is needed to demodulate the transmitted signal. VP combined with a feedback module is shown in Figure 3.



[bookmark: _Ref466108306]Figure 3 VP based NLP

Finally, VP can be combined with LP to lower increase in peak power due to LP. This problem may arise in massive MIMO applications. Similar to the VP based NLP, addition of the perturbation vector is followed by the modulo operation, as shown in Figure 4.



[bookmark: _Ref466108345]Figure 4 VP with LP

Based on the above descriptions, the following observations are made.

Observation 1: Both THP and VP based NLP can maintain the reasonable transmission power and allow inter user pre cancellation for MU-MIMO

Observation 2: For VP or THP based NLP, modulo operation at the receiver is needed.

Observation 3: For VP based LP, modulo operation is needed

Since the modulo operation can be used at the receiver to demodulate nonlinearly precoded signal, THP or VP operations at the transmitter are transparent to the receiver equipped with the modulo operation.

Observation 4: For THP and VP, the nonlinear operation is transparent to the receiver with the modulo operator; the same modulo operation at the UE can be used for either THP or VP based NLP

Observation 5: For VP based LP, the same modulo operation used for NLP based on THP or VP can be used at UE

General receiver architecture for NLP
 The receiver architecture shown in Figure 5 can be used to demodulate the nonlinearly precoded data described above.



[bookmark: _Ref465361143]Figure 5 Receiver for THP or VP based NLP
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[bookmark: _Ref465856013]Figure 6: Receiver diagram using modulo operator

Observation 6: The modulo operator coupled with LP can be used at the receiver for NLP

As a reference, transmitter and receiver structure for a typical nonlinear MU-MIMO system is shown in Figure 2 and Figure 6. In Figure 2, NLP is labeled as inter user interference pre canceller (IUI-PC). It should be noted that Tomlinson Harashima precoding is assumed in both figures.

Specification impact

 
[bookmark: _Ref461459171]Figure 7 : Relationship between 5G BS and UE

As shown in the analysis in [5], the modulo operation at the receiver does not cause significant performance degradation during the mismatched situation, i.e.,when linear precoding is used at BS and the transmitted signal is received by the receiver equipped with the modulo operator. Thus, in principle, no extra signaling is required from the base station to inform the receiver that nonlinear operation is implemented at the transmitter.
Relationship between 5G BS supporting LP only or both NLP and LP is illustrated in Figure 7. As shown in Figure 7, UEs must notify the transmitter its capability; UE needs to inform the transmitter whether it is equipped with the modulo operator or not. 
Concerning modulo operator, there could be two options for the UE capability. If modulo operation becomes mandatory, the base station can turn on nonlinear precoder, regardless of 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 the following options can be considered:
1. All NR compliant UEs are equipped with modulo operator: BS always turns on nonlinear precoding
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.
 
BS can also send a notification to UEs to indicate type of precoding used, i.e., 1 bit signalling to indicate linear or nonlinear precoding. If the BS signalling to indicate precoder type is adopted in the specification, the UE can turn on/off the modulo operation, depending on the indication signal transmitted by the BS for the optimum performance.

From the above considerations, the following observation can be made:

Observation 7: UE capability information for notifying BS whether the UE can process nonlinear precoded signals should be considered

Observation 8: Signalling from the base station to UE is recommended for optimum performance

Specification impact of nonlinear precoding: RS design
In this section, possible impacts of nonlinear precoding on RS designs is discussed. Due to the nonlinear operation at the transmitter, effect of precoding on RS is no longer transparent to the receiver. Thus, if RS is to be precoded, linear precoding, which is transparent to the receiver, must be used. Since RS designs are still under the way, the RS design discussed in this section will be based on the LTE design. 
DM-RS designs require some considerations because of the nonlinear operation at BS and UE. Due to the feedback filter and modulo operation at the transmitter, DMRS will be corrupted by the data symbols, preventing the receiver from estimating the channel with DMRS. Thus, similar to LTE, linear precoding should be used for DM-RS. Similarly, if CSI-RS is precoded, it should be linearly precoded. 

Observation 9: Linear precoding should be used for DM-RS
Observation 10: If precoded, CSI RS should be linearly precoded.

Based on the above observation, we make the following proposal.

Proposal 1: Consider nonlinear precoding as one of the spatial multiplexing technology in NR

Required signaling information

[image: ]
[bookmark: _Ref466113939]Figure 8 : Modulo threshold  ( as an example)

[bookmark: _GoBack] As indicated in Figure 7, UE can demodulate the transmitted signal, if BS signals precoder type to UE. Modulo threshold parameter , such as the one indicated in our companion contribution on the performance analysis [9], does not require any signaling since it is solely determined by the normalization factor, as shown in the appendix of [10]. The modulo threshold is illustrated in Figure 8. The boundary for the modulo operation is determined by , where  is the average power of the transmitted signal.

Observation 11: Signaling is not required to notify the modulo parameter to UEs 

Conclusion 
In this contribution, we presented further analysis on the possible specification impact of nonlinear precoding. Based on the following observations, a proposal is made in this contribution.

Observation 1: Both THP and VP based NLP can maintain the reasonable transmission power and allow inter user pre cancellation for MU-MIMO

Observation 2: For VP or THP based NLP, modulo operation at the receiver is needed.

Observation 3: For VP based LP, modulo operation is needed

Observation 4: For THP and VP, the nonlinear operation is transparent to the receiver with the modulo operator; the same modulo operation at the UE can be used for either THP or VP based NLP

Observation 5: For VP based LP, the same modulo operation used for NLP based on THP or VP can be used at UE

Observation 6: The modulo operator coupled with LP can be used at the receiver for NLP

Observation 7: UE capability information for notifying BS whether the UE can process nonlinear precoded signals should be considered

Observation 8: Signalling from the base station to UE is recommended for optimum performance

Observation 9: Linear precoding should be used for DM-RS

Observation 10: If precoded, CSI RS should be linearly precoded.

Proposal 1: Consider nonlinear precoding as one of the spatial multiplexing technologies in NR

References
[bookmark: ref_melco_WF][bookmark: ref_chairmansnote][1]	Chairman’s note, 3GPP  RAN1 #86b, Lisbon, Portugal, Oct., 2016
[bookmark: Melco_wf][2]	R1-1610831, “WF on Spatial Multiplexing Schemes for MU-MIMO”, Mitsubishi Electric, InterDigital, Samsung, NTT DOCOMO, IITH, IITM, Tejas Networks, CEWIT, KDDI, 3GPP RAN1#86b, Oct., 2016.
[bookmark: ref_Tom][3]	M. Tomlinson, “New automatic equaliser employing modulo arithmetic,” Electron. Lett., vol.7, March 1971.
[bookmark: ref_harashima][4]	H. Harashima and H. Miyakawa, “Matched-transmission technique for channels with intersymbol interference,” IEEE Trans. Commun.,vol.20,Aug. 1972.
[bookmark: MELCO_RAN186_mx][bookmark: MELCO_RAN186_NLP][5]	R1-166574, “Nonlinear precoding schemes for NR MU-MIMO”, 3GPP RAN1 #86 Göteborg, Sweden, Aug. 2016.
[bookmark: Hochwald_paper][6]	B. M. Hochwald, C. B. Peel and A. L. Swindlehurst, “A vector perturbation technique for near-capacity multiantenna multiuser communication – Part II Perturbation,”, IEEE Trans. Commun., vol. 53, no. 3, pp. 537-544, March 2005.
[bookmark: Peel_paper][7]	C. B. Peel, B. M. Hochwald, and A. L. Swindlehurst, "A vector perturbation technique for near capacity multiantenna multiuser communication - part I: channel inversion and regularization," IEEE Trans. Commun., vol. 53, no. 1, pp. 195-202, Jan. 2005.
[bookmark: Chae_paper][8]	C.-B. Chae, S. Shim, and R. W. Heath, Jr., "Block Diagonalized Vector Perturbation for Multiuser MIMO Systems," IEEE Trans. Wireless Commun., vol.7, no.11, pp.4051-4057, Nov. 2008.
[bookmark: ref_melco_performanceanalysis][9]	R1-1612837, “Performance evaluation of nonlinear precoding schemes for NR MU-MIMO”, 3GPP RAN1 #87, Reno, USA, Oct. 2016.
[bookmark: ref_melco_pimrc][10]	Hiroshi Nishimoto, Akinori Taira, Hiroki Iura, Shigeru Uchida, Akihiro Okazaki and Atsushi Okamura, “Nonlinear block multi-diagonalization precoding for high SHF wide-band Massive MIMO in 5G”, PIMRC 2016, Valencia, Spain.
Microsoft_Visio___1.vsdx
Modulo
LP
FB



image2.png
s1(t) s1(t)
userfl USER MOD : :
) USER MOD '(t) )
#1 S;
S Enc s n b m'\F/’I i nonlinear s5(t) linear
user #i MUX . . : operation : .
data #Ng, : QAM (IUI-PC) precoding
=> ENC > N > MAP v
: 8 Nuer (1) e (£) —
user Muwr_| USER MOD : :
5(t) — modulo, FF filter —

FB filter

TX ant.
#1

TX ant.
#2

TX ant.
#N




image3.emf
VP LP

FB


Microsoft_Visio___2.vsdx
VP
LP
FB



image4.emf
VP LP


Microsoft_Visio___3.vsdx
VP
LP



image5.emf
modulo

Post 

coder


Microsoft_Visio___4.vsdx
modulo
Post coder



image6.png
USER DEMOD

#1

RX ant. —> modulo, > OAM | M1 > DEC >
#l MIMO DEMAR user #i
RX ant : DEC | #Na, : QA:M : : DEMUX data
ant. -
Ny —modulo; > hevap =117 > DEC >





image7.emf
NLP

5G UE with 

modulo

5G UE with

no modulo

5G BS supporting both NLP and LP

5G BS supporting LP

Data generation

LP

Data generation

LP

LP


Microsoft_Visio___5.vsdx
NLP
5G UE with modulo
5G UE with
no modulo
5G BS supporting both NLP and LP

5G BS supporting LP
Data generation
LP
Data generation
LP
LP



image8.png
2 T

+4
......... b""""'0'"'|""6""""'d"" T ——
o o o o o Interference suppression signal

>

Perturbation
signal [-21,,-2t, ]

o signal after nonlinear operation | 0" "o
©o o o o o oo o o o o a





image1.emf
Modulo LP

FB


