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In RAN1#89, the following was agreed for UL codebook design [1]:
· One of the following UL codebook design principles is down-selected until next meeting.
· Alt1:
· NR supports UL codebook at least for a single panel. 
· Note: This does not preclude the use of components of single panel UL codebook for multi-panel.
· FFS on multi-panel UL codebook
· Whether or not support additional components (e.g., panel co-phase)  
· NR supports a UL codebook optimized for single-panel and support multi-panel via indicating multiple TPMIs
· Focus on single panel based UL codebook design first, then support multi-panel via selecting a panel via SRI or indicating TPMI per SRS resource.
· Alt 2: 
· Focus on designing a common framework UL codebook for single-panel and multi-panel
· Alt 3: 
· Design different UL codebooks for single-panel and multi-panel, respectively.
· Codebook details are FFS 
· Existing LTE codebooks should be considered as baseline.
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. 
For sub6 handheld UEs, TX antennas are unstructured due to the form factor. Even co-located cross-polarized antennas are very rare in handheld UEs. For mmW, even a handheld UEs may have multiple sub-arrays, but they are mainly used for combating blockage.  It’s unlikely to use multiple sub-arrays simultaneously, e.g., precoding/beamforming across multiple sub-arrays.
Furthermore, for SRS design, it is already agreed in RAN1 NR Ad-Hoc#1 [2] that 
· NR SRS design should not assume a particular antenna configuration at UE and should support dynamic port/antenna/resource selection by gNB and UE
The same design philosophy should also be applied to UL codebook design. Therefore, uncorrelated UL MIMO channels should be presumed for the UL codebook design. 

For sub6 CPE and V2X UEs, single-panel or multi-panel antennas may be possible. However, before the discussion of the multi-panel codebook design, many aspects including phase synchronization between panels or power-distribution across panels for power-limited UEs should be clarified first.  
Base on above discussion, we propose to first focus on codebook design for single panel, and deprioritize that for multi panels. 
[bookmark: _Toc485466831]Proposal 1: 	For UL codebook design, RAN1 should deprioritize multi-panel UL codebook design in Phase 1.
[bookmark: _Toc485466832]Proposal 2:	UL codebook should be designed without assuming a particular physical antenna configuration/correlation, and it is desirable for UL codebook to be a single stage codebook.
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. 10 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.
[bookmark: _Toc485466833]Proposal 3:	For DFT-s-OFDM waveform, LTE Release 10 UL codebook for single layer should be considered as a baseline. 
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.  As aforementioned, the UL codebook design should not presume any particular antenna configuration/correlation, the LTE Rel. 8 DL MIMO codebook can be chosen as the baseline for OFDM waveform.
[bookmark: _Toc485466834][bookmark: _Ref465963195][bookmark: _Ref466040522]Proposal 4:	For CP-OFDM waveform, LTE release 8 DL codebook should be considered as a baseline for UL codebook design.
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 Figure 1, the system level evaluation results for dense urban scenario, where different PRG sizes, i.e., [4 13 26 52] are considered.  LTE Rel-8 DL 4TX codebook with additional antenna selection precoders are used. The detail simulation setup is presented in the Appendix. The results show that smaller UL PRG size does not significantly improve the performance. This is because the narrow subband cannot provide enough processing gain so that the channel estimation quality degrades, thus impacting the throughput performance. Besides, the gain due to subband precoding will decrease with codebook based UL MIMO transmission which only allows a limited number of precoding matrices. More importantly, it’s worth noting that smaller PRG size leads to an increase of DCI overhead due to more number of subband TPMIs.  Therefore, it is desirable to limit the total number of PRGs less or equal to X.
[bookmark: _Toc485466835]Proposal 5: 	The maximum number of UL PRGs shall be limited to keep a reasonable subband TPMI overhead in the UL grant.
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Figure 1.  Codebook-based UL performance with various PRG sizes and target SNR levels.
Conclusions
To summarize, we discussed several uplink codebook design aspects.  The proposals are as follows.
Proposal 1: 	For UL codebook design, RAN1 should deprioritize multi-panel UL codebook design in Phase 1.
Proposal 2:	UL codebook should be designed without assuming a particular physical antenna configuration/correlation, and it is desirable for UL codebook to be a single stage codebook.
Proposal 3:	For DFT-s-OFDM waveform, LTE Release 10 UL codebook for single layer should be considered as a baseline.
Proposal 4:	For CP-OFDM waveform, LTE release 8 DL codebook should be considered as a baseline for UL codebook design.
Proposal 5: 	The maximum number of UL PRGs shall be limited to keep a reasonable subband TPMI overhead in the UL grant.
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	Channel
	UMA 200m ISD

	Antenna configuration
	4 at UE, 4 at NB

	Scheduling
	Wideband, MU-MIMO

	Traffic
	Full buffer

	Channel and Rnn estimation
	Realistic (Wishart method used for Rnn estimation)

	Codebook
	Rel-8, 4Tx DL codebook w/o antenna selection

	PRG size
	4, 13, 26, 52

	Target data SNR [dB]
	11, 14, 17, 20, 23
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