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1 Introduction
In LTE, UL MIMO is a key feature that has been supported to boost the uplink throughput. Before RAN1#89, it was agreed that [1] [2]:
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
For UL-MIMO control signaling design:
· 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 RAN1#89, it was further agreed that [3]:
For UL-MIMO codebook design:
· 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.
For UL-MIMO frequency selective precoding:
· When the number of transmission ports is less than or equal to 2, frequency selective precoding is not supported for both schemes A and B

· When the number of transmission ports is >2, frequency selective precoding for CP-OFDM can be configured by gNB for both schemes A and B

· FFS how to support/indicate frequency selective precoding (including potentially spec-transparent support)

· Note: frequency-selective TPMI is to be discussed separately

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. If UE only support single-panel transmission, UE is triggered via UL grant DCI to transmit non-precoded or precoded SRS with multiple antenna ports on one SRS resource. The same beam direction is applied for the SRS ports within one SRS resource and if multiple SRS transmissions are triggered, different SRS resources correspond to different beam directions from each UE panel. Based on the SRS measurement, gNB firstly determines a beam direction from a UE panel by selecting one out of multiple SRS resources. This procedure is similar to beam management used for further beam refinement and/or panel selection. TPMI is then indicated which denotes the precoder across the SRS ports within the selected SRS resource. As shown in Figure 1, three SRS with three beams are transmitted and gNB selects SRS resource#1 via SRI, 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. Multiple SRIs can be introduced to support multi-panel transmission. In this case, one SRS corresponds to one beam with single or dual polarization. This is similar to UL beam management as described in [4]. 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.
In LTE downlink, the transmission ports are defined as CSI-RS ports, including both non-precoded CSI-RS and beamformed CSI-RS ports. In NR uplink, similar definition should be taken, as the transmission ports should be defined as the bunch of “selected”, in other word, “indicated” SRS ports.
NR will support a variety of UE antenna structure especially considering higher frequency.Therefore, 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) for optimizing uplink MIMO transmission for the case of no reciprocity. 
3.1 Discussion on single panel codebook design
In LTE, the uplink codebook was designed assuming low correlation among different ports. This is sufficient for a typical UE in lower frequency bands. However in NR, a much larger range in frequency and more varieties of UEs antenna array should be considered. Therefore, for a single UE panel, virtualized ports with close spacing, e.g. half wavelength is also practical, in which high correlation should be assumed. As discussed in previous meetings, the number of uplink transmission ports with {1, 2, 4} has been agreed and it may be extended to {3, 8}[5]. For the case of 4 uplink transmission ports, there are at least three cases of UE’s antenna layout: 
1) Antenna ports with low correlation. One possible scenario for this case is a typical UE with 4 Tx antennas in the below 6GHz NR, where UE antennas spacing is large. 
2) 4 ports are divided into 2 groups. High correlation within each group is assumed, and low correlation between port groups is assumed. Figure 1 is an example for this in which two antennas with same polarization are high correlated, and two antenna groups with different polarization has low correlation.
3) Antenna ports with high correlation. For instance, the four antennas are single polarized and the antenna spacing are small. Based on that, the same framework as the two-stage codebook in LTE downlink can be re-used in NR uplink for case 2 and case 3. In this case, frequency selective precoding can be performed only in the second stage so as to reduce TPMI overhead. However, due to various UE antenna structure, the antenna grouping can configurable for different UE. The details are given in 3.3. As discussed, single-stage codebook should be considered as a special case of two-stage codebook.
Proposal 2: Two-stage codebook at least should be supported at least for high correlation of antenna port scenario.
3.2 Discussion on multi-panel codebook design
In NR, UE equipped with multiple panels should also be considered. In the evaluation assumption of A2.1-4 [6], the cases that UE panels have different orientations were exemplarily listed, but the practical UE’s antenna array is not limited to those. In the following, we separate the discussion for UE panels with the same and different orientation, respectively.
For UE panels with the same orientation, as shown in Figure 2, if phase calibration among these panels is achieved, it would be possible to perform coherent transmission within these two panels. A typical scenario for this case is sub-6G CPE. Therefore, it would be beneficial to further introduce uplink codebook for this multi-panel case to achieve better precoding gain.
For UE panels with different orientation, as given in [6], or the phase calibration among these panels cannot be achieved, so it is unlikely to perform coherent transmission for this case.
Based on the above discussion, we have the following proposal:
Proposal 3: Support multi-panel uplink codebook design for the scenario of phase calibration among different panels.
3.3 Discussion on the general framework for uplink codebook configuration
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Figure 3. Antenna port layout for single panel and multi-panel
Firstly we assume that UE has X transmission ports and X-port codebook is configured to UE, while the maximum of X is 4 or 8. Then, divide X ports into K groups, and the kth group contain Xk ports. This framework of configuration can be applied for both single panel scenario and multi-panel scenario. 
For example, assume UE with a single dual-polarized panel as illustrated in Figure 3(1), then by configuring X=8, K=2, and X1 =4, X2 =4, 8 ports of UE are divided as {{p1,p2,p3,p4},{p5,p6,p7,p8}}. The grouping is based on antenna correlation level. In the given example, {p1,p2,p3,p4} and {p5,p6,p7,p8} are high-correlation port groups, onto which DFT based codebook can be applied. This is actually the first stage codebook. On the other hand, the correlation across groups is much lower, while legacy 2-port co-phasing, e.g. {[1,1],[1,-1],[1,j],[1,-j]}, can be applied. This is actually the second stage codebook, where the subband size is smaller and TPMI indication is more frequent than the first stage. 
For another example, as shown in Figure 3(2), assume that CA scenario is configured, and there are 2 TXRU on each of 2 panels, but one of the four TXRUs are used for another CC, then configuration of the codebook can be X=3, K=2, and X1 =2, X2 =1. On both stages, low-correlation codebook can be applied. However, different correlation should be assumed between across polarization and across panel, respectively, and this may result different subband size or different TPMI indication granularity in time domain. 
By semi-statically configuring X, K, {Xk} and related codebook, subband size and TPMI granularity, different UE array implementation can be accommodated. Note that if K=1 is configured, the uplink codebook will be reduced to a single stage codebook.
The grouping information, possibly including the number of groups, the port index in each groups, and the assumed type of codebook for the grouping, is semi-statically configured by RRC. This information should also be reported to gNB by UE at the initialization procedure as UE capability. The UE should report number of TXRU groups, the number of TXRU in each group, and the correlation level within the groups as UE capability to guide codebook configuration at gNB.
Proposal 4: Considering different UE capability, a common configurable framework for UL codebook should be supported.
For OFDM based uplink transmission, to reduce the standardization workload, the downlink codebook in LTE can be set as a start point. There are two typical types of precoder: For high correlated antenna arrays, DFT-based codebook structure is suitable. While for low correlated antenna arrays, antenna port selection and/or combination vectors could be used in the codebook. For different antenna configurations, the gNB can configure different codebooks to UE.
3.4 Discussion on non-constant modulus codebook design
In LTE, uplink codebook supports precoding vectors which are used to select best antenna ports for data transmission of UE, which should also be considered for NR. For example, if a port group contains 4 ports, precoding vectors such as [1,
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Furthermore, the alphabet for the elements of the precoding matrix is only constituted by phase factors {+1,-1, +j, -j} (expect with 0 used for port selection), which may have restriction for the performance of UL codebook. If amplitude adaptation along with the non-constant modulus codebook could be considered at least for OFDM based uplink transmission, further performance gain could be achieved. The rank 1 codeword with amplitude adaptation considered could be expressed as:
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In the following, we give simulation results comparing the performance of proposed codebook and the legacy uplink codebook in LTE, where the simulation parameters are given in the appendix. In the simulation, the UE is equipped 2 transmit antennas and perform rank 1 uplink transmission. The evaluated codebook is shown in table 1 as follows. 
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Figure 4. Performance comparison of non-constant modulus v.s. constant modulus codebook
Table 1. Evaluated codebook in figure 4
	Blue curve
	Legacy LTE uplink codebook, 6 codewords

	Black curve
	Codebook with amplitude adaptation, 16 codewords

	Red  curve
	Codebook with amplitude adaptation, 32 codewords


From figure 4, we could observe considerable performance gain for the proposed codebook comparing with the legacy LTE codebook, especially when the MCS level is low. At most 1 dB gain is observed for MCS=5 for LoS scenario and 0.8 dB gain is observed for MCS=5 for NLoS scenario. Thus, we have the following proposal:
Proposal 5: Amplitude adaptation should be considered for the precoding matrix in uplink codebook design for NR.
4 Frequency selective precoding for codebook based transmission
For codebook based transmission, frequency selective precoding has been agreed when the number of transmission port is larger than 2. In our understanding, DMRS port or PUSCH ports are after precoding, even one port (or one layer) may be virtualized with large number of TXRUs. So it is reasonable to set the limitation on ports number on SRS port, considering that the functionality of SRS is similar to CSI-RS. 
One critical issue is the indication of the subband TPMI. With the number of scheduled RBs 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 have been discussed. 
· 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, before 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. Two-stage DCI is an efficient method to indicate frequency selective precoding for the case that the number of allocated RBs for a UE in different slot varies dramatically, e.g., varies from a few of PRBs to tens of PRBs.
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Figure 5. 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.
For the scheme with single-stage DCI, fixing the payload size of DCI is helpful to reduce blind detection for UE. However, the scheme with variable subband size based on the number of allocated PRBs seems reasonable only when adopt continuous resource allocation method, e.g., LTE UL resource allocation type 0 which has been agreed for both DFT-s-OFDM and CP-OFDM waveform in NR. If different numbers of PRBs are allocated in different parts of the band, one TPMI may be applied for more than one group of scheduled PRBs, each group belongs to different parts of the band. In this case, considering that the channels associated with bandwidth from different parts of the band are unrelated, the selected TPMI is not optimal for the scheduled PRBs. 
Allocating same number of PRBs in different subbands can solve this problem, but this will introduce large scheduling restriction. A simple method to solve this problem is to group all the allocated PRBs into multiple clusters. The grouping method is based on the following principles: the distance between adjacent allocated PRBs in different clusters is larger than a threshold and the distance between adjacent allocated PRBs within a cluster is smaller than the threshold. The threshold can be predefined. When the number of cluster is equal to the number of configured subband TPMI, this method can make sure that different PRBs within different subband are associated with different TPMI. If the number of cluster is smaller than the number of subband TPMI, some clusters with large number of allocated PRBs can be associated with more than one TPMI to obtain more frequency selective precoding gain. If the number of cluster is larger than the number TPMI, some clusters with less allocated PRBs can be combined.
· 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 to excessive DCI overhead with some unnecessary TPMI indication for the bandwidth that is not scheduled. Especially when the number of allocated RBs is small such as 1 RB is scheduled. In this case, alt 2 seems to cause too much unnecessary DCI overhead.
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:

Proposal 1: Support indicating multiple SRS resources with TPMI across multiple SRS resource.
Proposal 2: Two-stage codebook at least should be supported at least for high correlation of antenna port scenario.
Proposal 3: Support multi-panel uplink codebook design for the scenario of phase calibration among different panels.
Proposal 4: Considering different UE capability, a common configurable framework for UL codebook should be supported.
Proposal 5: Amplitude adaptation should be considered for the precoding matrix in uplink codebook design for NR.
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
Table II link level simulation parameters
	Channel model
	CDL_B and CDL_D

	Carrier Frequency
	28GHz

	Precoding granularity
	Full bandwidth

	Number of UE antennas
	2

	Number of BS antennas
	4

	Subframe number
	3000

	Rank
	1

	MCS level
	5, 10, 15
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