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In RAN1 #AH1_NR, a WF on UL MIMO transmission [1] has been discussed.  Some agreements are as follows [2]. 
· Support at least the following UL transmission schemes for data in NR
· Scheme A: Codebook based UL transmission
· Support frequency selective precoding for CP-OFDM when the number of transmission port is greater than X (FFS: Value of X).
· Study codebook design including single-stage and multi-stage, e.g., W1W2 structure, codebook 
· Study the following DL signaling, e.g.,
· One level DCI
· Two level DCI
· MAC CE
· DCI associated with PDSCH (like UCI associated with PUSCH in LTE)

· Support rank determination by gNB
· Support PRB bundling for CP-OFDM
· Study configurability of PRG size for CP-OFDM
· Study the PRG size
· FFS: Single port transmission is supported for the UE capable for multiple antenna port transmission.
Furthermore, in RAN1 #88, the following agreements were made regarding UL MIMO transmission:
· Scheme A: Codebook based UL transmission
· For the previous agreement “Support frequency selective precoding for CP-OFDM when the number of transmission port(s) is equal to or greater than X (FFS: Value of X).”, FFS the value X and the interpretation of transmission port(s)
In RAN1#87 AH, we also have to following agreement on SRS design:
· NR SRS design should not assume a particular antenna configuration at UE and should support dynamic port/antenna/resource selection by gNB and UE
In this contribution, we discuss open issues of codebook design and codebook based UL transmission scheme.
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If a UE has multiple transmit RF chains, it can be configured with a MIMO transmission scheme. Unlike gNB MIMO antennas, UE MIMO antenna layout and polarization depend on the phone factor. We should not assume any specific pattern on antenna array topology.
Furthermore, for SRS design, it is already agreed that NR SRS design should not assume any particular antenna configuration at UE. The same design philosophy has to be apply to UL codebook design.
Therefore, uncorrelated UL MIMO channels should be presumed for the UL codebook design. 
For large number of UE antennas (ex. 8), the codebook design dimension can be too large compared to the size of control information allocated to UL codebook. Thus, in this case, we may want to impose a certain structure on the UL MIMO codebook which can potentially exploit a structure in antenna array configuration.
However, an agreement on whether to assume any particular UE antenna configuration for large number of antennas or not should be first made prior to any performance calibration and simulation. Even after the agreement, feasible configurations for large number of UE antennas should be discussed.
Proposal 1: UL codebook design for more than 4 UE antennas should be deprioritized.
Proposal 2: UL codebook should be designed without any assumption on physical antenna configuration/correlation, and it is desirable for UL codebook to be a single stage codebook.
Codebook for DFT-s-OFDM waveform for less than or equal to 4 antennas
It was agreed in RAN1#86bis that NR supports both DFT-S-OFDM based waveform and CP-OFDM waveform, at least for eMBB uplink for up to 40GHz.  The CP-OFDM waveform can be used for both single-stream and multi-stream transmissions, while the DFT-S-OFDM based waveform is limited to a single stream transmissions. The use cases of the DFT-s-OFDM waveform include link budget limited cases and low cost UEs with a low-cost power amplifier.  
To preserve the low PAPR property of DFT-s-OFDM waveforms for link budget limited UEs, the precoding matrices for UL MIMO transmission also has to be limited to CM preserving ones. It is also desired to include antenna selection as a part of UL codebook to save transmitting power for low cost UEs.
Since LTE Rel. 8 UL MIMO codebook indeed has the above properties, it has to be considered as a baseline for UL codebook design for DFT-s-OFDM waveforms.
Proposal 3: To preserve the low PAPR of DFT-s-OFDM waveforms, the UL codebook for DFT-s-OFDM should be a set of CM preserving matrices, potentially including antenna selection in UL MIMO Codebook.  
· For DFT-s-OFDM waveforms, LTE release 10 UL codebook for single layer should be considered as a baseline for 5G NR UL codebook design.
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While the DFT-s-OFDM waveform is targeted for link-budget limited UEs focusing on maximizing power efficiency, CP-OFDM waveform will be used for bandwidth limited UEs whose main interest is maximizing spectral efficiency. 
In RAN1#86bis, it is agreed that multi-steam transmission is supported with the CP-OFDM waveform. To adapt the variation of the link quality, a UE’s transmission rank can be adaptively determined by the network based on UL measurement. As the network switches the rank of UL MIMO transmission, the UL codebook also has to be switched correspondingly. 
Therefore, it is desirable for UL MIMO codebook to include all the possible ranks for a given number of antenna ports. LTE Rel. 10 DL MIMO codebook indeed provides such a codebook up to 4 antenna ports.
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UL precoding granularity
Frequency selective UL precoding may not always provide substantial gain over wideband UL precoding.  First, the gain may only be observed when the resource allocation in frequency domain is wide enough.  In case of narrow band resource allocation, e.g., for cell-edge UEs which have limited transmit power, frequency selective UL precoding cannot bring any performance benefit at all.  Second, even for the cell-center UEs which can support a wider band UL transmission may still not be benefit from frequency selective precoding.  This is because the precoding granularity is getting less significant as the number of receive antennas is increasing, which is true that much more antennas can be used for UL receiving at the NR gNB than those at an LTE eNB.  Third, there is a trade-off between the gain brought by finer precoding and the overhead required to indicate subband precoding information in UL grant.  This may even limit the usefulness of frequency selective precoding.  At last but not least, the increased UE implementation complexity is another important aspect which needs to be taken into account.
In [3], it is observed that even with arbitrary precoding matrices are allowed, the subband precoding gain negligible for two UL transmission ports in link level simulation. In [4], the system level evaluation results for dense urban scenario show that there is no subband precoding gain when the number of UL transmission ports at the UE is 4 or lower.
Observation 1: Even with non-codebook based UL MIMO transmission, there’s no system level performance benefit to support frequency selective precoding when the UL transmission ports is 4 or less. 
The gain due to subband precoding will decrease with codebook based UL MIMO transmission which only allows a limited number of precoding matrices.
Observation 2: UL frequency selective precoding can provide some gain when the number of transmission ports is larger than 4.
Conclusions
To summarize, we discussed several uplink MIMO transmission schemes.  We have following observations.
Observation 1: Even with non-codebook based UL MIMO transmission, there’s no system level performance benefit to support frequency selective precoding when the UL transmission ports is 4 or less. 
Observation 2: UL frequency selective precoding can provide some gain when the number of transmission ports is larger than 4.
The proposals are as follows.
Proposal 1: UL codebook design for more than 4 UE antennas should be deprioritized.
Proposal 2: UL codebook should be designed without any assumption on physical antenna configuration/correlation, and it is desirable for UL codebook to be a single stage codebook.
Proposal 3: To preserve the low PAPR of DFT-s-OFDM waveforms, the UL codebook for DFT-s-OFDM should be a set of CM preserving matrices, potentially including antenna selection in UL MIMO Codebook.
· For DFT-s-OFDM waveforms, LTE release 10 UL codebook for single layer should be considered as a baseline for 5G NR UL codebook design.

Proposal 4: For CP-OFDM waveforms, when the number of UL antenna ports is less than or equal to 4, LTE release 8 DL codebook should be considered as a baseline for UL codebook design.
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