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1. [bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In LTE, UL MIMO is a key feature that has been supported to boost the uplink throughput. In the RAN1#86 meeting, it was agreed that at least one of the codebook based transmission dn Non-codebook based transmission is supported, and frequency-selective precoding was agreed to be studied [1]. Then, in RAN1#86b meeting, further agreements for UL MIMO are as follows [1]
1. At least one of precoded and non-precoded SRS based UL link adaptation procedure should be supported in NR, with at least following different procedures:
0. UL data scheduling (MCS/precoder/rank) is based on non-precoded SRS transmission by UE
0. Configurable number of SRS ports are 1, 2, 4, or [8]. Other possible numbers FFS.
0. FFS on precoder/codebook
0. UL data scheduling (MCS/precoder/rank) is based on precoded SRS(s) transmission by UE
1. Configurable number of SRS ports are 1, 2, or 4. Other possible numbers FFS.
1. Multiple precoded SRS resources (if supported) can be configured.
1. At least one of the following is supported
2. Precoder for SRS can be determined by UE based on measurement on DL RS and 
2. Precoder for SRS can be indicated by gNB
1. FFS on precoder/codebook
0. UL data scheduling (MCS/precoder/rank) is based on a combination of non-precoded and precoded SRS transmission by UE
0. Note: Some parts of above procedures might be transparent to UE
3. FFS: UE may select a subset of SRS ports for SRS transmission
In this contribution, we will present our views on the UL MIMO design.
1. [bookmark: _Ref129681832]UL MIMO design in NR
1. Transmission schemes
1. [bookmark: OLE_LINK30][bookmark: OLE_LINK29]Codebook-based transmission 
[bookmark: OLE_LINK40][bookmark: OLE_LINK41][bookmark: OLE_LINK84][bookmark: OLE_LINK83][bookmark: OLE_LINK82]In LTE, two transmission schemes with single antenna transmission and closed-loop MIMO transmission are supported for PUSCH. Closed-loop MIMO is codebook-based transmission such that the eNB indicates the precoding matrix information (PMI) and rank index (RI) information in the UL grant. A single precoding matrix indicated by this PMI will be applied for the data transmission of the whole scheduled bandwidth by the UE. However, the system bandwidth can be increased up to 100MHz for NR in contrast with that with 20MHz in LTE. The channel properties can significantly vary across the whole system bandwidth. Particularly, the rank and precoding matrix of different subband in a large system bandwidth could be different. As shown in Figure 1, the rank distribution across different subband may change.
[image: ] 
[bookmark: OLE_LINK231][bookmark: OLE_LINK85]Figure 1 Rank distribution in 100MHz system bandwidth for the simulation assumptions in Appendix I.
Observation 1: The rank and the corresponding precoding matrix of different subband in large system bandwidth e.g.100MHz, varies.
In LTE, reporting mode of PUSCH 3-2 with subband PMI and subband CQI is introduced, which brings a significant performance gain especially when TAE exist. This reporting mode provides the flexibility of frequency selective precoding for downlink transmission in different PRG. The precoder is identical with one PRG, but different precoders can be applied for different PRG.
[bookmark: OLE_LINK88][bookmark: OLE_LINK87][bookmark: OLE_LINK86]In LTE uplink transmission, however, a single precoder across the whole bandwidth is still adopted, which results in a less-flexible design and should be enhanced for NR. Therefore, frequency-selective precoding should be supported in UL MIMO transmission to bring to further enhance the performance of the uplink MIMO transmission.
To facilitate the application of frequency-selective precoding in uplink MIMO, the DCI design should accordingly consider the signalling overhead from indicating the precoding information for every subband. Therefore, an affordable overhead should also be guaranteed when designing the DCI structure.
[bookmark: OLE_LINK27][bookmark: OLE_LINK26][bookmark: OLE_LINK23][bookmark: OLE_LINK90][bookmark: OLE_LINK89]Proposal 1: For codebook based transmission, DCI design to support frequency selective precoding should be supported in UL MIMO transmission.

1. Non-Codebook-based transmission using precoded SRS
In LTE, non-codebook-based transmission is supported for downlink transmission, e.g., DMRS-based transmission. Since the precoder is not limited to the matrices defined in the codebook, it can better adapt to the channel characteristic, and therefore can bring performance gain over the codebook-based transmission.
For NR UL transmission, non-codebook-based precoding should also be considered, which is more attractive for TDD system since the channel reciprocity can be exploited. However, it is risky to completely rely on UE’s determination of the precoder, since the inter-user interference will be random and uncontrollable without the coordination of eNB. Additionally, the obtained precoder cannot be used for PUSCH transmission directly without the knowledge of scheduling information especially the MCS information, and MCS should be determined by eNB based on a specific UL precoder. Thus, eNB-centric UL precoder mechanism should be supported to guarantee PUSCH transmission performance.


Figure 2 Non-codebook-based transmission for PUSCH
The procedure of eNB-centric non-codebook-based transmission for PUSCH is shown in Figure 2. Firstly, UE derives multiple uplink candidate precoders based on measurement on downlink RS and channel reciprocity. Then SRS ports precoded with these candidates are transmitted on configured SRS resources. eNB measures the multiple precoded SRS ports and indicates the selected ones to the UE in UL grant. UE will use the indicated precoders to implement the beamforming for PUSCH.
However, one critical issue needs to be considered about the eNB-centric non-codebook based transmission is the overhead for SRS transmission especially for supporting frequency-selective precoding. The SRS conveying the candidate precoder information needs to be transmitted within the whole UL bandwidth which leads to a significant overhead.
In the agreement from the last meeting, although UE–centric and BS-aided mechanism is agreed to be studied, its performance cannot be guaranteed. In this scheme, even though eNB can try to coordinate inter-user interference by providing interference-related information to co-scheduled UEs, these UEs may not change their UL precoders to improve the overall system throughput by compromising its own performance. Therefore, the UL transmission cannot be guaranteed.
[bookmark: OLE_LINK33][bookmark: OLE_LINK28][bookmark: OLE_LINK94][bookmark: OLE_LINK93]Proposal 2: For non-codebook-based transmission, UE-aided and eNB-centric UL precoding should be supported, and SRS overhead reduction mechanism should be studied.
In order for a UE to exploit the advantage of non-codebook-based transmission, the channel reciprocity is essential. Since some UEs may not be reciprocity-calibrated due to the cost reason, over-the-air UE reciprocity calibration aided by eNB can be considered. Although over the air calibration may bring some extra measurements efforts, the calibration only occurs occasionally, e.g., ever half an hour (the interval depends on hardware, temperature, .etc.).  Once the calibration is completed, the performance advantages of non-codebook-based transmission can be harvested by the UE. 
[bookmark: OLE_LINK35][bookmark: OLE_LINK34]Proposal 3: Over-the-air eNB-aided UE reciprocity calibration should be studied for UE without the capability of the reciprocity calibration.
[bookmark: OLE_LINK100][bookmark: OLE_LINK99][bookmark: OLE_LINK96][bookmark: OLE_LINK95]For low mobility scenarios, channel-dependent precoding in the spatial multiplexing mode is clearly better as the UE is able to track the instantaneous channel realization thereby focusing the transmission in “directions” which are strong, thus providing array gain to boost the SINR on the eNodeB side. For high mobility scenarios, the long-term property of the channel can still be utilized if significant correlation is present in the channel characteristics. Then, semi-open loop MIMO can be applied for UL transmission to enjoy the adaptive array gain. DCI for supporting semi-open loop MIMO should be designed to indicate a set of precoders to be used at the UE.
Proposal 4: Semi-open loop UL MIMO based on long-term channel property should be supported.
Transmit diversity for UL transmission is not supported in LTE as no sufficient gain is achieved comparing with single antenna transmission and close loop rank-1 transmission. In NR, transmit diversity should be evaluated based on the new waveform and/or more antennas of UE and TPR to see if the potential performance gain can justify it. Furthermore, more beams can be formed due to more antennas at UE and can be used as virtual ports for transmit diversity. Whether this scheme can bring extra gain should be studied.
[bookmark: OLE_LINK39][bookmark: OLE_LINK42][bookmark: OLE_LINK43][bookmark: OLE_LINK46]The study of beamforming precoder can focus on the following aspects: orthogonality between beams, periodicity of signalling the precoder(short-term/long-term), granularity of beamforming precoder in frequency domain.
[bookmark: OLE_LINK58][bookmark: OLE_LINK59]Proposal 5: Transmit diversity for UL MIMO transmission should study the following aspects
1. The necessity of the SFBC based on beamformed virtual ports should be studied;
1. [bookmark: OLE_LINK48][bookmark: OLE_LINK47]Precoder for the virtual port should study the following 
1. [bookmark: OLE_LINK50][bookmark: OLE_LINK49][bookmark: OLE_LINK52][bookmark: OLE_LINK51]orthogonal/non-orthogonal precoder 
1. [bookmark: OLE_LINK32][bookmark: OLE_LINK31]short-term/long-term signalling of the precoder 
1. frequency granularity of the precoder 
1. [bookmark: OLE_LINK25][bookmark: OLE_LINK24]DCI design 
As agreed in RAN#86 meeting, multiple PMIs can be signalled via a single DCI or multi-level DCI to support frequency-selective UL precoding. To reduce the DCI signalling overhead, a wideband W1 and a subband W2 with double codebook structure can be signaled through two levels DCI structure. Such two-level DCI structure also has the benefit to support dynamic transmission scheme switching. For example, with open-loop transmission scheme, only the precoding information of W1 that supports precoder cycling need to be signaled. However, for a close-loop transmission scheme, the precoding information of W2 in additional to W1 is required for UE. 
For the two-level DCI structure, the first level DCI supports wideband PMI signaling and indicates the existence of the second level DCI, and the second level DCI carries subband PMI signaling. As shown in Fig.3, the first level DCI can support the common signaling field for all transmission schemes, which is obtained at UE by blind detection. The first level DCI indicates the existence of the second level DCI which contains transmission scheme specific signaling. By using this hierarchical DCI structure, a fast dynamic switching among transmission schemes can be achieved. 
 (
Figure 3 Illustration of the two-level DCI structure.
)[image: ]

[bookmark: OLE_LINK36][bookmark: OLE_LINK238][bookmark: OLE_LINK237]Proposal 6: A two-level DCI structure should be studied to facilitate multi-PMI signalling in frequency-selective precoding and dynamic switching among transmission schemes.
1. Pilot contamination for UL MIMO 
NR is expected to have transmission modes with a high-order MIMO. For massive MIMO, the DMRS contamination is an important issue. To highlight this, consider the same RS sequence mapped to the same time–frequency REs, the estimated channel at the serving gNB with an array with  antenna elements can be written as
	
	 
	(1)


where , for , denotes small-scale Rayleigh fading with unit variance whose elements are assumed to be i.i.d. In order to consider only the effect of the RS contamination, the channel estimation noise is neglected in (1).  Using the channel estimate in (1), the transmission rate 
	
	
	(2)


is achievable (see Appendix II for a proof of this result). From (2), it is seen that, under RS contamination, the reception with large antenna arrays helps to remove the noise and small-scale fading but the inter-user interference remains. Thus for the rate = [bits/s/Hz], by ignoring all overhead, is achievable. That is the rate does not increase with number of antennas.  However the achievable rate without RS contamination (i.e.  ) as a function of number of antennas is given by where  is the variance of AWGN (see Appendix III for a proof). That is   as  increases.  Therefore, there is a need to circumvent the RS contamination to realize the potential of massive MIMO systems.
Proposal 7: UL DMRS contamination should be considered in the design of NR MIMO.
[bookmark: _GoBack]
Conclusion
From the above discussion, we have the following observations and proposals:
Observation 1: The rank and the corresponding precoding matrix of different subband in large system bandwidth e.g.100MHz, varies.
Proposal 1: For codebook-based transmission, DCI design to support frequency selective precoding should be considered in UL MIMO transmission.
Proposal 2: For non-codebook-based transmission, UE-aided and eNB-centric UL precoding should be supported, and SRS overhead reduction mechanism should be studied.
Proposal 3: Over-the-air eNB-aided UE reciprocity calibration should be studied for UEs without the capability of reciprocity calibration.
Proposal 4: Semi-open loop UL MIMO based on long-term channel property should be supported.
Proposal 5: Transmit diversity for UL MIMO transmission should study the following aspects
1. the necessity of the SFBC based on beamformed virtual ports should be studied;
1. Precoder for the virtual port should study the following 
1. orthogonal/non-orthogonal precoder 
1. short-term/long-term signalling of the precoder 
1. frequency granularity of the precoder 
Proposal 6: A two-level DCI structure should be studied to facilitate multi-PMI signalling in frequency-selective precoding and dynamic switching among transmission schemes.
Proposal 7: UL DMRS contamination should be considered in the design of NR MIMO.
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]References
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Appendix I 
Simulation Assumption
	Parameter
	Value

	Carrier Frequency
	3.5 GHz

	Channel Model
	3D  channel  model refere to 36.873

	Velocity
	3km/h

	eNB Antenna Configuration
	[bookmark: OLE_LINK241][bookmark: OLE_LINK242][bookmark: OLE_LINK243][bookmark: OLE_LINK244]8 Tx /8Rx cross polarized array with 0.5λ antenna spacing 

	UE Antenna Configuration
	4 Tx/4Rx cross polarized array with 0.5λ antenna spacing

	CP
	Normal

	Signal Bandwidth
	100MHz

	Channel Estimation
	Non-Ideal

	Receiver 
	MMSE receiver


Appendix II
This appendix proves that the achievable rate under RS contamination will be bounded regardless of the number of transmit antennas at the mMIMO array. Toward this end, consider the data signal received at the eNB via non-orthogonal transmission from the two users, which is given by

	
	
	(3)


Now by performing normalized matched filtering (MF) using the contaminated channel estimation in (1), we obtain the following processed scalar signal:
	
	
   =  

	   (4)


Using this signal processing, the achievable rate as a function of number of antennas is given by), where denotes the mutual information between the signals  and. The rate  is non-decreasing with respect to the number of antennas since by adding one more antenna to the array additional received signal containing the desired signal will be added to the equivalent signal. Thus the maximum rate under RS contamination is given by. For large antenna arrays we have  and  where the index  indicates the th component of each vector and  denotes the expectation. Next, by applying these results, we obtain 
	
	,
	(5)


where similarly denotes the mutual information between the signals  and . Thus the achievable transmission rate for signal in (4) with becomes
	
	
	(6)


Appendix III
This appendix proves that the achievable rate without RS contamination.  Assume that the channel estimates is given by 
	
	
	(7)


where  is the channel estimation noise which is uncorrelated with the channel estimate and has variance   where MMSE channel estimator using a RS sequence of length . The variance of the channel estimate is  for each antenna. The data signal received at the access node via non-orthogonal transmission from the two users is given by

	
	
	(8)


Now by performing normalized matched filtering (MF) using the channel estimate, we obtain the following processed scalar signal:
	
	
    


  
	   (9)


Next observe that the first term is uncorrelated with the remaining terms since,,,  are mutually uncorrelated. By using the result that the worst uncorrelated noise is Gaussian. The following rate becomes achievable. 
	
	
	(10)


Using the Jensen inequality one can verify that   . Applying these inequalities along with the results that  and), yield
	 
	
	(11)


where the bounds are tight for  and can be approximated by either the lower or upper bound.  For the noiseless channel estimation, we have, the following rate is achievable 
	
	
	(12)


The upper- and lower bounds are gain tight for large 
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