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1 Introduction
In LTE, UL MIMO is a key feature that has been supported to boost the uplink throughput. In RAN1#88, it was agreed that [1]:
For frequency selectivity for UL-MIMO:
· 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)
For UL-MIMO codebook design:
· In NR, support UE to report its capability regarding the max number of spatial layers (N) for UL transmission

· NR supports UL codebook for an UE based on the reported capability, at least one of the followings is supported 

· Alt1: Network configures multiple codebooks each corresponding to a # of antenna ports

· Alt2: Network configures a scalable/nested codebook supporting a variable # of antenna ports
· Alt3: Network configures a codebook same as UE capability

· Alt 4: UE recommends a subset of codebook(s)

· This alternative may be absorbed into one or more the above alternatives

· FFS the codebooks corresponding to a given number of TX antenna ports can be fixed in specification or configurable 
· UL codebook structure: at least one of the following two is supported

· Alt 0: single-stage codebook 

· Alt 1: dual-stage codebook 

· Consider using LTE codebooks, the impact of multi-panel, etc. for UL codebook design

For PRB bundling size in UL-MIMO:
· For DFT-S-OFDM based transmission

· PRB bundling size is the whole scheduled bandwidth if the scheduled bandwidth comprises a single cluster.

· Note: UE shall apply the precoder in a way that the gNB may assume that UE uses the same precoder for all scheduled PRBs.

· Multi cluster case FFS (if supported)

· CP-OFDM based transmission

· For codebook based:

· PRB Bundling should be supported.

· FFS configurability of PRB bundling size, and/or PRB bundling size implicit determination 

· FFS applicability to some non-codebook based cases
In RAN1#88bis, it was further agreed that [2]:
· Codebook based transmission for UL is supported at least by following signaling in UL grant:

· SRI+TPMI+TRI, where 

· The TPMI is used to indicate preferred precoder over the SRS ports in the selected SRS resource by the SRI.

· No SRI when a single SRS resource is configured

· The TPMI is used to indicate preferred precoder over the SRS ports in the configured single SRS resource.

· Support indication on selection of multiple SRS resources 

· FFS details
· For codebook based transmission for CP-OFDM based UL, when a UE is configured with UL frequency selective precoding and if subband TPMI signaling is supported, support one of the following alternatives: 

· Alt 1:Subband TPMIs are signaled via DCI to the UE only for allocated PRBs for a given PUSCH transmission 

· Alt 2:Subband TPMIs are signaled via DCI to the UE for all PRBs in UL, regardless of the actual RA for a given PUSCH transmission

· Other alternatives are not precluded

· Note: Subband TPMI may correspond to W2 if dual-stage codebook is supported

· FFS whether or not wideband TPMI is always signaled along with subband TPMI
In this contribution, based on those agreements, we will present our views on the UL codebook based MIMO design.
2 Codebook based uplink transmission mechanism
Both non-precoded SRS and precoded SRS are supported for codebook based transmission in previous meeting. UE transmits non-precoded or precoded SRS with multiple antenna ports on one SRS resource. Precoders are determined by gNB and then, gNB indicates TPMI for precoding of PUSCH across antenna ports within the SRS resource. The same beam direction is applied for the SRS ports within one SRS resource and different SRS resource corresponds to different beam directions. Based on the SRS measurement, gNB firstly determines a beam direction for a UE panel by selecting one out of multiple SRS resources. TPMI is then indicated which denotes the precoder across the SRS ports within the selected SRS resource. As shown in Figure 1, three SRS resources with three beams are transmitted and gNB selects SRS resource#1, then TPMI and TRI describes the further precoding among the 4 ports within SRS resource #1.
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Figure 1. An example for indicating TPMI within one SRS resource
Selecting multiple SRIs has been agreed in last meeting. In this case, one SRS corresponds to one beam with single or dual polarization. This is similar to UL beam management as described in [3]. For this case, indicating multiple SRS is needed for multi-beam transmission, and TPMI is applied over the selected SRS resources. If UE has the capability of supporting multiple panel transmission, precoding across panels also needs multiple SRI indication. In this case, multiple SRS resource groups are transmitted from multiple panels. Based on measuring those precoded SRS resources, gNB firstly selects SRS resource from each SRS resource group, and then TPMI is indicated for co-phasing between the selected beams. As shown in Figure 2, six SRS resources are transmitted from two panels and gNB selects SRS resource#1 and SRS resource#4 for both panels, then TPMI describes precoder over the two selected SRS resources. 
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Figure 2. An example for indicating TPMI over multiple SRS resources
Proposal 1: Support indicating multiple SRS resources with TPMI across multiple SRS resource.
3 General views on UL Codebook design for NR
In previous meeting, candidate codebook structures have been proposed in the agreements. In the following, we give some discussion on it.
3.1 Discussion on the necessity of single-stage and two-stage codebook 
In NR, antenna arrays would be integrated in smaller size and more antennas could be supported by UE. Besides, most of UE antenna structure is unexpected. e.g., UE antenna spacing could be uniform or non-uniform, UE may also be equipped with single polarized or cross polarized antenna arrays and single or multiple antenna panels could be supported in high frequency. Thus, UL codebook design in NR should support different kinds of UE antenna structures.
Similar discussion as LTE, the two-stage codebook have the benefits on reducing the feedback overhead, where the long term/ wider band channel information can fed back with a large periodicity and wideband part, and the short/ subband channel information can be fed back with a small periodicity and subband. For example, in the case of high frequency (HF) band in NR, UE beamforming is needed to provide enough array gain to resist high pathloss. Thus, antenna arrays with high correlation are needed. Moreover, bandwidth in HF band is broader than low frequency band and frequency selective precoding is needed. In this case, two-stage codebook structure could be a candidate for the objective of signalling overhead reduction. 
Actually, the single-stage codebook is a special case of two-stage codebook, when the first stage codebook is an identity matrix. This is for the case when there is no difference in different channel parts in frequency and time domain, i.e., no channel characteristics can be separated as wideband/subband or long/short term. On the other hand, the single-stage codebook may have the same overhead as two-stage codebook. However, considering the general cases, two-stage codebook structure is suitable for the framework of uplink codebook. 

Proposal 2: Two-stage uplink codebook structure should be supported at least in CP-OFDM.
3.2 Consideration on single/multiple panel codebook design
Single panel codebook
For OFDM based uplink transmission, to reduce the standardization workload, the downlink codebook in LTE can be set as a start point. For 4 Tx ports, there may be two typical types of precoder. One is DFT-based structure introduced in R12, which is suitable for high correlated antenna arrays. Another DL codebook is Householder structure introduced in LTE R8, which is more suitable for antenna arrays with low correlation. For different antenna configurations, the TRP can configure different codebooks to UE.
Considering the frequency selective scheduling, one issue for using these codebooks is how to do the down selection to reduce the overhead of TMPI. One possible solution is to use the codebook-subset restriction mechanism as the DL feedback overhead reduction.
For SC-OFDM based uplink transmission, to preserve the PAPR, UL codebook designed in LTE can be a good start point. However, as the number of precoder vector is small, the coverage performance will be limited when the UE is at the cell edge. So for rank 1, more DFT-based vectors should be introduced to provide more uplink beamforming gain.
Cross panel codebook design
As discussed in section 2, for multi-panel transmission, the codebook design should take the cross-panel co-phasing into account. The co-phasing vector can be generally written as   
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 is the co-phasing between the (i+1)-th panel and the first antenna panel. As this co-phasing factor is to capture the phase difference between panels which is changed slowly and can be captured by the wideband indication. 
As the multi-panel is used for high frequency system which usually uses high correlation antenna arrays, the precoder vector for each panel can be selected from the DFT-based codebook. If the beams selected for each panel are same, the finally codebook for multi-panel can be written as 
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, where W2 is single panel codebook.
Proposal 3: Cross-panel co-phasing should be considered in the UL codebook design for the case of multi-panel beamforming.
3.3 Consideration on multiple UE array types
As discussed in previous sections, design of codebook should consider multiple UE antenna types (e.g. single polarized or dual polarized), and multiple UE array types (e.g. low correlation array or high correlation array). These factors are highly relevant to UE implementation. For example, UE with high correlation arrays may need two-stage codebook so as to optimize beamformer in some cases. For another example, UE with single polarized array may not need UL codebooks that consider polarization. On the other hand, UE with dual polarized array may need co-phasing information from TPMI based on the co-phasing codebook. Therefore, compared to DL codebook design, UL codebook design should consider various array types so as to introduce flexibility for UE implementation. 
Proposal 4: UL codebook design should consider various array types so as to provide flexibility to UE array implementation.
4 Frequency selective precoding for codebook based transmission
4.1 Simulation results for frequency selective precoding
For UL MIMO transmission, there are three alternatives for the interpretation of X transmission ports:
· SRS port. For codebook based transmission, the SRS are used to obtain uplink channel state information so that gNB can schedule TPMI for uplink precoding. This functionality is analogous to CSI-RS with more than 1 port per resource in LTE downlink.
· DMRS port. For transparent DMRS transmission, DMRS ports have same precoder as PUSCH. However, for diversity-based UL transmission e.g. SFBC, non-transparent DMRS is also an important alternative in NR. In these cases, precoder for DMRS and PUSCH ports is not identical.
· PUSCH port. Based on above analysis, precoder for PUSCH ports can be different from DMRS port. Moreover, the number of PUSCH ports is unlikely to be an explicit parameter in the specification, and can be dynamically changed according to the scheduled transmission scheme and associated transmission layer.
In the previous meetings, the number of port X as discussed is confused with how to define the X port and what’s the definition of port here. In our understanding, the limitation of ports number for UL transmission is unnecessary, since whether to use the subband precoding, i.e., frequency-selective, is based on configuration. Similar as DL subband precoding, in the specification, we never limit the usage of frequency-selective precoding.  

Actually, DMRS port or PUSCH ports are after precoding, with these ports definition, even one port (or one layer) may be virtualized with large number of TXRUs. So, if there is a limitation on the ports number on DMRS or PUSCH transmission ports, it should be from 1 port, i.e., X =1 port.

If the transmission port is defined with SRS port, the case of 1 port may not need to be discussed. We provide the link level simulation results in the following. As shown in Figure 3, for 2/4 non-precoded SRS ports at UE. The related performance gain of frequency selective precoding over frequency non-selective precoding is shown in Table 1.
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Figure 3. Performance gain of frequency selective precoding for codebook based UL transmission

Table 1. Performance gain of frequency selective precoding for codebook based UL transmission
	SNR
	Gain for 2 SRS ports at UE
	Gain for 4 SRS ports at UE

	-6dB  
	12.0% 
	12.8% 

	0dB
	10.0%
	10.3%


As shown in Table 1, the performance gain of frequency selective precoding over frequency non-selective precoding is 12% at SNR of -6dB for 2 SRS ports with the LTE UL codebooks, and the performance gain continues to increase when the number of SRS ports grows. Therefore, X=2 should be supported for codebook based UL transmission.
It is worth noting that the results are based on the LTE UL codebooks, which is mainly designed for DFT-s-OFDM. In NR, there is no such restriction on the codebook design in CP-OFDM, if with more accurate UL codebooks in NR, the performance gain of frequency selective will be larger.
Observation: For codebook based UL transmission, if the definition of transmission port is based on non-precoded SRS, the number of transmission ports for frequency-selective precoding should be equal to or greater than 2.
If the SRS is precoded, it means each SRS port actually virtualized by a group of TX antennas. In that case, the SRS port also can be with different precoding for each subband. Whether the SRS is precoded or non-precoded is transparent in specification, so it is not need to restrict the number of SRS port for frequency selective. 
From the discussion above, we can see that no matter of the port definition is for SRS, PUSCH, or DMRS, the restriction on port number for frequency- selective precoding is unnecessary. It is more reasonable to use the frequency selective precoding dependent on configuration.
Proposal 5: Whether to use frequency-selective precoding can be configurable, and the limitation of X ports in the specification is unnecessary.
4.2 Control signaling for subband PMI indication
For codebook based transmission, one critical issue is the indication of the subband TPMI when UE is configured with UL frequency selective precoding. With the subband increases, the required indication bits will increase dramatically which imposes great burden for the DCI capacity. When a UE is configured with UL frequency selective precoding, at least two alternatives for subband TPMI signaling are discussed in last meeting. 
· Alt 1: Subband TPMIs are signaled via DCI to the UE only for allocated PRBs for a given PUSCH transmission 

Alt 1 is the most efficient way to save DCI overhead for subband PMI. However, main concern is that payload size of subband TPMI always changes depending on resource allocation. Especially for single-stage DCI, blind detection increases significantly for UE. 
Two-stage DCI can be introduced to resolve the issue. First stage DCI indicates the resource allocation and second stage DCI indicates the subband TPMI for the allocated PRBs. In this case, UE can firstly derive the information of resource allocation. Based on the resource allocation information from the decoding of the first-stage DCI and configured PRG size, UE can obtain the number of subband TPMI. Then, in the second stage decoding, payload size of DCI for subband TPMI can be acquired by the UE. Therefore, the blind detection caused by various payload sizes of the DCI can be avoided. In Figure 4, UE obtains that PUSCH transmission is allocated with 8 PRBs from the first stage DCI, so that UE will further get knowledge of the corresponding payload size of subband TPMI in the second stage DCI as shown in Figure 4. 
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Figure 4. Two-stage DCI used in alt 1
An alternative scheme with single-stage DCI is to use a configurable number of subband TPMIs which can be indicated by RRC to fix the payload size of DCI. For example, as the subband TPMI number N is configured with RRC signalling. The subband size varies with  
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 wherein M is the allocated PRBs.
· Alt 2: Subband TPMIs are signaled via DCI to the UE for all PRBs in UL, regardless of the actual RA for a given PUSCH transmission
Benefit of Alt 2 is to fix the payload size of UL grant DCI. However, it will lead excessive DCI overhead with unnecessary TPMI indication. And it imposes great burden for limited PDCCH capacity which should be avoided. 
Proposal 6: Support Alt 1 with two-stage DCI for indicating subband TPMI.
For two-stage codebook structure, two-stage signaling mechanism can also be considered. W1 is indicated by the first stage DCI and W2 is signaled in the second stage DCI. As the W2 only performs the beam selection in W1 and co-phasing selection, the required bits can be greatly saved. For schemes that do not need subband W2, such as open loop UL transmission scheme, only the first stage DCI is needed to indicate W1. Therefore, such a two-stage DCI structure also has the benefit to support dynamic transmission scheme switching. Since the second stage DC may not always be needed, the first stage DCI needs to indicate whether the second stage DCI exists or not. 

Proposal 7: For two-stage codebook based UL MIMO transmission, a two-stage DCI structure should be supported to indicate PMI for frequency selective precoding. Wideband W1 is indicated in the first stage DCI and subband W2 is indicated in the second stage DCI.
5 Discussion on PRB bundling size
In last meeting, PRB bundling is agreed to be supported at least for CP-OFDM waveform. In LTE downlink MIMO, “Precoding Resource Group (PRG)” is used to indicate downlink DMRS precoder bundling. Similarly, for codebook based UL MIMO, the term PRG can be used to indicate PUSCH precoder bundling.
Please note that the PRB bundling size for DL is to indicate the DMRS bundling size to UE for channel estimation. But for UL transmission, due to the UL transmission is scheduled by gNB, the UL DMRS bundling size for channel estimation do not need to be additionally indicated, and should be kept identical with PRB bundling size for indicated uplink TPMI. 
In NR, configurable bandwidth and numerology have been agreed. Considering enlarged configurable bandwidth and wide range of subcarrier spacing for UE, only bandwidth dependent PRG size may not be suitable for NR. Moreover, the configuration of PRG size is related to antenna structure (e.g., if multiple panels are used) and codebook structure (e.g., if single or multiple stage codebook is used). For example, if single stage codebook is used for UL transmission, then one PRG size may be sufficient. 
However, considering that some UEs may be equipped with multiple panels, and multiple panels may be used for coherent transmission in some scenarios, e.g. for high rank UL transmission. Since the inter-panel spacing is much larger than inter-antenna spacing within one panel, antenna port correlation can be different between inter-panel ports and intra-panel ports. Therefore, different frequency selectivity should be considered for inter-panel ports and intra-panel ports, respectively. Thus, the PRG size for precoding across panels can be different from the PRG size for precoder within one panel. In this case, one PRG size may not be sufficient, and two PRG size need to be configured. One PRG size is for the precoding granularity of inter-panel precoding and one is for the precoding granularity of intra-panel precoding.
Based on the above analysis, we propose
Proposal 8: Two PRG sizes configuration for codebook based uplink transmission should be considered if two-stage codebook is adopted.
6 Conclusions
From the above discussion, we have the following observations and proposals:

Observation: For codebook based UL transmission, if the definition of transmission port is based on non-precoded SRS, the number of transmission ports for frequency-selective precoding should be equal to or greater than 2.
Proposal 1: Support indicating multiple SRS resources with TPMI across multiple SRS resource.
Proposal 2: Two-stage uplink codebook structure should be supported at least in CP-OFDM.
Proposal 3: Cross-panel co-phasing should be considered in the UL codebook design for the case of multi-panel beamforming.
Proposal 4: UL codebook design should consider various array types so as to provide flexibility to UE array implementation.
Proposal 5: Whether to use frequency-selective precoding can be configurable, and the limitation of X ports in the specification is unnecessary.
Proposal 6: Support Alt 1 with two-stage DCI for indicating subband TPMI.
Proposal 7: For two-stage codebook based UL MIMO transmission, a two-stage DCI structure should be supported to indicate PMI for frequency selective precoding. Wideband W1 is indicated in the first stage DCI and subband W2 is indicated in the second stage DCI.
Proposal 8: Two PRG sizes configuration for codebook based uplink transmission should be considered if two-stage codebook is adopted.
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Appendix
Simulation parameters

	Parameter
	Value

	SNR
	[-12 5]dB

	System bandwidth
	20MHz

	Channel Model
	CDLB-300

	Velocity
	3km/h

	eNB Antenna 
	16TR 

	UE Antenna 
	2/4TR

	UE Number
	1

	Layer Number
	1

	Precoder
	Codebook from 36.211

	AMC
	ON

	Frame Structure
	UL MIMO of prototype

	CP
	Normal

	Channel Estimation
	Non-Ideal

	Receiver
	MMSE
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