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1	Introduction
The 2Tx codebooks for both DFT-S-OFDM and CP-OFDM waveforms have been agreed in RAN1. For DFT-S-OFDM, this agreement [1] defines the DFT-S-OFDM codebook:

	Agreements:
· For DFT-S-OFDM, use rank 1 precoders from table below for 2 Tx with wideband TPMI only
· Note: in the following table “codebook index” should be called “TPMI index”
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For CP-OFDM, the 2Tx codebook is similar to that of DFT-S-OFDM, with two alternative choices on the port selection precoders, as indicated in the agreements [1]:

	Agreements:
· For CP-OFDM
· At least TPMI indices 0-3 for rank 1 and TPMI indices 0 and 1 for rank 2 are used
· One of the two following Antenna port selection mechanisms is supported; 
· Decide among the two alternatives in RAN1# 90bis
· Alt 1: TPMI indices 4 and 5 for rank 1, and 2 for rank 2, from the above table are used for CP-OFDM
· Alt 2: SRI indicates selected antenna ports





For DFT-S-OFDM 4Tx codebook, the agreements have been made with reference to LTE 4Tx uplink codebook in [2]:

	Agreements:
· For DFT-S-OFDM, support LTE 4Tx rank 1 UL codebook for TPMI 0-15
· Additional codewords for antenna port selection will be also supported
· FFS: Details on the additional codewords for antenna port selection (e.g. number of codewords, scale factors, etc)



The 4Tx UL codebook for DFT-S-OFDM is agreed in [3], as:

	Agreements:
· At least for the case where single SRS resource is configured and for DFT-S-OFDM, support additional 4Tx rank 1 codebook below
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However, for CP-OFDM, there is no agreement on specific codebook. The agreements [3] in last meeting call for further evaluation of candidate codebooks and decision in RAN1 #91.

	Agreements:
· For 4 Tx with wideband TPMI, use at least single stage DCI
· FFS for 2 stage DCI
· For wideband TPMI, for NR 4 Tx codebook for CP-OFDM, downselect one of:
· Alt 1: Rel-10 UL, possibly with additional entries: 
· Alt 2: Rel-15 DL, possibly with additional entries: 
· Alt 3: Rel-8 DL, possibly with additional entries
· Evaluate performance of candidate codebooks & decide by RAN1#91





On the UE coherence transmission, RAN1 has agreed to support 3 levels of coherence capability in [3]:

	Agreements:
NR supports 3 levels of UE capability for UL MIMO transmission 
· Full coherence
All ports can be transmitted coherently
· Partial coherence
Port pairs can be transmitted coherently
· Non-coherence
No port pairs can be transmitted coherently
TPMI codewords from the codebook are used by gNB accordingly



This UE coherence capability can be extended to SRS coherence ports, as the agreed definition in [3]:

	Agreements:
For 1 SRS resource
· Full coherence
· All ports corresponding to ports in an SRS resource can be transmitted coherently
· Non-coherence
· All ports corresponding to ports in an SRS resource are not transmitted coherently
· Partial coherence
· Ports pairs corresponding to ports in an SRS resource can be transmitted coherently




The discussion on using multiple SRS resource for codebook based transmission is delayed to RAN1 #91 meeting for decision, based on the agreement [3]:

	Agreements:
· In RAN1#91, decision will be made whether, in addition to codebook based transmission using one SRS resource, codebook based transmission using multiple SRS resource including non-coherent inter-SRS resource transmission is supported
· Non-coherent inter-SRS resource transmission: 
· FFS: use of two DCI, with one TPMI per DCI
· One TPMI/TRI per SRS resource is signaled 
· Note: Indication of selection of multiple SRS resources was agreed




There was an email discussion on the uplink codebook restriction. A working assumption is agreed for the potential reduction of TPMI size to support UL codebook based transmission [4].

	Working assumption:
· For UL codebook based transmission with one SRS resource and a given number  of SRS ports, NR supports overhead reduction for TPMI and TPMI related signaling . 
· Note: TPMI is indicated in uplink DCI
· Note: Joint or separate encoding of TPMI with TRI and/or SRI is a separate issue
· Other details are FFS



There are at least three open issues that need decision in the coming RAN1 meeting:
· Selection of 4Tx codebook for CP-OFDM
· Decision to support multiple SRS transmission for codebook based transmission
· Approach to support DCI overhead reduction for TPMI

Based on these open issues, this contribution addresses these issues for codebook based uplink transmission:
1. 4Tx codebook for CP-OFDM;
2. multiple SRS transmission for CB based transmission;
3. DCI overhead reduction for TPMI
4. DCI support for frequency selection precoding
Our preference are also provided in the contribution.
2	Selection of 4Tx codebook for CP-OFDM
2.1	2Tx codebooks
For both DFT-S-OFDM and CP-OFDM, the 2Tx codebook can be shown in Table 1. For DFT-S-OFDM, only Rank-1 codebook is applied. For CP-OFDM, both rank-1 and rank-2 codebooks are applied.
[bookmark: _Ref497903234]Table 1    2Tx Codebook
	TPMI index
	Number of layers

	
	1
	2

	0
	
	

	1
	
	

	2
	
	

	3
	
	

	4
	
	

	5
	
	



2.2	4Tx codebooks
The 4Tx codebooks for DFT-S-OFDM waveform has already been agreed. For CP-OFDM, its 4Tx codebook is still open. Based on agreements in the last meeting [3], there are three alternatives that needs performance evaluation and decision. The three candidate codebooks are:
· Alt 1: Rel-10 UL codebook
· Alt 2: Rel-15 DL codebook
· Alt 3: Rel-8 DL codebook

We follow the agreement to evaluate codebook performance of these three codebooks. System-level simulations are performed to evaluate:
1. Rel-8 DL codebook
2. Rel-10 DL codebook
3. Rel-15 NR DL codebook, with L=1
4. Rel-15 NR DL codebook, with L=4
Note that there are two Rel-15 4Tx codebook with different beam size L=1 and L=4.

The simulation is based on a 4GHz system with 100MHz bandwidth in the UMa environment with 200m ISD. The following system parameters are applied in our simulations.
· UMa environment operating at 4GHz (5G-UMa channel) with a 100MHz system bandwidth
· Hexagonal layout with ISD values of 200m. 
· Base station array has 64 RX antennas (M,N,P) = (8,4,2) with half wavelength spacing in both the horizontal and vertical. Ideal MMSE reception is used (no IRC).  
· The UEs are omni cross-pol arrays, and ULA spaced half wavelength, with 4 transmit antennas.

We consider the following transmission schemes on the UL:
· Reciprocity-based transmission leveraging ideal but delayed UL channel knowledge (delayed by 5 msec)
· Sub-band precoding (10MHz sub-bands and 5MHz sub-bands) vs wideband precoding (100MHz bandwidth).  Such a strategy would require 10 PMIs for 10MHz SB, and 20PMIs for 5MHz SB, to be fed back to the UE.  Note that we assume the use of OFDM on the UL for the purposes of this study. 
· Codebook-based with Rel-8, Rel-10, Rel-15 L=1, Rel-15 L=4 codebooks
Detailed simulation assumptions can be found in the Table 1 in the Appendix.

System level simulation results of mean UE throughput are illustrated in Figure 1 for 4Tx uplink for these four types of codebooks. For each codebook based transmission scheme, wideband precoding, sub-band precoding with 10MHz SB, and sub-band precoding with 5MHz SB are also presented in Figure 1.

Figure 1    UL system level simulation results with 4Tx CBs: Rel-8, Rel-10, Rel-15 L=1, Rel-15 L=4
Figure 1 shows that the performance differences among all these four codebooks are very small. Also there is slight improvement with subband precoding (10 subbands) compared to wideband precoding.
Observation 1: The performance difference among these four 4Tx codebooks, Rel-8, Rel-10, Rel-15 L=1, Rel-15 L=4 are very small.
The codebook feedback overhead for the four types of 4Tx codebooks can be summarized in Table 2.
[bookmark: _Ref498709314]Table 2    Feedback overhead for LTE/NR codebooks
	4Tx Codebook
	PMI/TPMI feedback overhead (bits)

	LTE Rel-8 DL codebook
	4

	LTE Rel-10 DL codebook
	8 (4-bit WB and 4-bit SB)

	NR DL codebook (type-I)
	6 (2-bit WB and 4-bit SB for rank-1)


 
As shown in Table 2, Rel-8 DL codebook has lowest overhead. However, when sub-band feedback is considered, the total overhead difference will depend on the number of sub-bands.
For the 2-stage codebooks of Rel-10 DL and NR codbooks, the overhead of NR DL codebook is better than that of Rel-10 DL for its shorter wideband components; however, when sub-band precoding is applied, the difference becomes smaller since both codebooks have 4-bit sub-band feedback overhead.
Observation 2: For wideband based TPMI, Rel-8 DL codebook has lowest overhead among Rel-10, and Rel-15 codebooks.
Observation 3: For 2-stage codebooks, Rel-15 codebooks has lower overhead than Rel-10 codebooks.
Proposal 1: For wideband based TPMI, apply Rel-8 DL codebook.

3	Support of multiple SRS transmission for codebook based transmission
The motivation of using multiple SRS resource for codebook based transmission is based on a potential application of non-coherent inter-SRS resource transmission, as indicated in the agreement on CB based transmission using multiple SRS resource [3]. Three types of UE coherence capability are defined with three types of SRS coherence ports, as agreed in last meeting [3]. The three types of coherence are full coherence, non-coherence, and partial coherence. 
If all SRS ports are coherent, there is no need to support multiple SRS resource for codebook based transmission. Single SRS resource is sufficient for gNB to indicate TPMI for UE’s codebook based transmission. If all SRS ports are non-coherent, co-phasing among SRS ports are not possible. Only port-switching is applicable under this scenario.
If SRS coherence is hybrid: part of SRS ports are coherent but multiple sets of SRS ports are non-coherent, multiple SRS resource might be useful, where each SRS resource is related with one set of coherent SRS ports. SRI is needed to support signalling for multiple SRS resources. Multiple TPMI is also needed to indicate precoder for each coherent SRS ports, with codebook based transmission. Given that only 4 SRS ports are supported in Rel-15, the only hybrid coherence example would be two sets of two coherent SRS ports, where the two sets are non-coherent. Such aggregation of non-coherent SRS ports needs support of SRI and multiple TPMI for codebook based transmission. 
Such SRS port aggregation would be much beneficial for a larger number of SRS ports. Benefits of multiple transmission of non-coherence ports under maximum of 4 SRS ports may need further study. With this, we propose
Proposal 2: Supports single TPMI for codebook based transmission in Rel-15.

4	DCI overhead reduction for TPMI
There is an email discussion on the overhead reduction for TPMI for codebook based transmission. The agreed working assumption [4] indicates that “NR supports overhead reduction for TPMI and TPMI related signaling”. 
The background of this discussion is based on the agreement of UE coherence capability. With different level of coherence capability, it is argued that, different UE may not need the full set of codebooks, and thus the size of TPMI could be reduced, based on UE’s capability.
There are at least two types of views on the codebook restriction: 
· Codebook size reduction is based on RRC configuration, or
· Codebook size reduction is based on UE capability of coherence.
Since the overhead reduction for TPMI is agreed as a working assumption, the issue becomes whether there is a need for RRC configuration/signaling to support TPMI reduction.
Since the UE transmit coherence is a UE capability, UE’s applicable codebook size is implicitly defined by its coherence capability. Thus the TPMI size can be determined by UE’s coherence capability. No RRC configuration/signaling is needed. 
Proposal 3: No RRC signaling is needed to support uplink codebook size reduction.




5	Support of frequency selection precoding for CB-based transmission
Unlike to LTE’s UL-MIMO, NR UL-MIMO supports frequency selective precoding, depending on gNB configuration. Current the support for frequency selective precoding of codebook based transmission is still open. 
To support frequency selective precoding, UL grant in DCI shall provide UE specific uplink precoder information for all related sub-bands, as well as wideband. 
There are several problems for the UL grant in DCI. For example, if two-stage (, ) UL codebook design is applied, the indication of both  and shall be signalled to the UE, when the gNB-central approach is used.  indication is usually a wideband parameter, and the indication of  is sub-band based. The overhead of signalling  is high due to a large number of sub-bands. Allocation of a large portion of DCI payload for  signalling has a significant overhead problem for precoder feedback.
If the sub-band size is fixed, the signalling overhead is a function of UE PRB allocation size. A larger UE PRB allocation needs a larger signalling overhead. If the DCI size is designed to cover the full system bandwidth, it won’t be efficient because some UE won’t need its sub-band precoder information at its un-allocated sub-bands. If gNB only indicates the precoder information over the allocated PRB, the UE grant payload size will be variable, which is undesirable for DCI design.
If single-step DCI design shall be used, one common DCI format with a common uplink grant is desired to support sub-band precoder indication with various UL resource allocation sizes. Since the DCI format is common, one approach is to fix the DCI size.
Assume that the overall DCI payload size for sub-band precoding in the UL grant is  bits. The size of precoder indication per sub-band is  bits/sub-band. The number of PRBs allocated to a specific UE is . If  is the number of sub-bands that the  PRBs span, we have . If  PRBs comprise  sub-bands, then,  (assuming  is a multiple of ). Therefore, we have
.
If the DCI payload size  is fix, we can distribute these payload bits for precoder indication differently depending on the UL PRB allocation size . Thus, for different PRB allocation sizes  either  or  or both can be varied to keep  the same. 
With a given precoder indication size per sub-band of  bits/sub-band, the number of sub-bands is determined as . If the allocation size is  PRBs, each sub-band will have  PRBs (assuming  is a multiple of ). This approach fixes the number of sub-bands to , regardless of the PRB allocation size. The sub-band size will be variable, depending on the allocated UE-specific PRB allocation size . A larger PRB allocation  will result in a wider sub-band size. One example of such design can be shown in Table 3 with  and . It shows that the sub-band size is variable.
Table 5    Sub-band allocation parameters with fixed N=10 and fixed K=5
	Number of Subbands (K)
	Allocated BW (M) (MHz)
	Subband size (J) (MHz)
	bits/SB (m)
	N (bit)

	5
	100
	20
	2
	10

	5
	80
	16
	2
	10

	5
	50
	10
	2
	10

	5
	30
	6
	2
	10

	
	
	
	
	


Other choices of subband number (K) and subband size (J), and even the sub-band payload size (m) are also possible for the DCI payload design, provided the overall size of DCI is kept fixed. Also the choice of total number (N) depends on the uplink system bandwidth; and (N) is thus configurable by gNB. 
The DCI payload can thus be flexibly used for sub-band TPMI indication, depending on UE resource allocation.
To accommodate this flexible use of DCI, a combination of predefined configurations and RRC signalling can be used. Each of the above tables can correspond to a configuration for sub-band TPMI indication that is predefined in the specifications. The gNB then signals, for example in the SIB, which configuration (i.e., table) it is using. Alternatively, if the gNB determines that it is more advantageous to use one configuration for a first set of UEs and a different configuration for a second set of UEs, then it may signal the configuration through UE-specific RRC signalling.
In summary, we propose:
Proposal 4:		Adopt a single-step DCI design for different UL allocation sizes.
Proposal 5:		Support a fixed total number of payload bits for sub-band precoder indication in the DCI for different allocation sizes.
Proposal 6: 		The network signals how the UE shall interpret the DCI for precoder indication through RRC configuration, which includes both SIB indication and UE-specific signalling.

6	Conclusions
This contribution provides these observations and proposals:
Observation 1: The performance difference among these four 4Tx codebooks, Rel-8, Rel-10, Rel-15 L=1, Rel-15 L=4 are very small.
Observation 2: For wideband based TPMI, Rel-8 DL codebook has lowest overhead among Rel-10, and Rel-15 codebooks.
Observation 3: For 2-stage codebooks, Rel-15 codebooks has lower overhead than Rel-10 codebooks.
Proposal 1: 		For wideband based TPMI, apply Rel-8 DL codebook.
Proposal 2: 		Supports single TPMI for codebook based transmission in Rel-15.
[bookmark: _GoBack]Proposal 3: 		No RRC signaling is needed to support uplink codebook size reduction.
Proposal 4:		Adopt a single-step DCI design for different UL allocation sizes.
Proposal 5:		Support a fixed total number of payload bits for sub-band precoder indication in the DCI for different allocation sizes.
Proposal 6: 		The network signals how the UE shall interpret the DCI for precoder indication through RRC configuration, which includes both SIB indication and UE-specific signalling.
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Appendix
Table I. Simulation assumptions
	Parameters
	Values

	Scenario
	Urban macro

	Carrier freq.
	4 GHz

	System Bandwidth
	100MHz

	Sub-band bandwidth
	10MHz (10 sub-bands over the system bandwidth), and 5MHz (20 sub-bands over system bandwidth)

	UE Tx power
	23 dBm over 100MHz

	Channel model
	According to 38.900

	TRP antenna config.
	(M,N,P,Mg,Ng) = (8,4,2,1,1), (dV,dH) = (0.5, 0.5) λ

	BS TXRU mapping
	Single TXRU per antenna element.  

	Downtilt
	90 degrees

	UE antenna config.
	4 Transmit antennas: Omni UE with (M,N,P)=(1,2,2), 4 TXRUs

	UE #
	5 users per TRP (average)

	UE distribution
	TR36873: 20% outdoor (3km/h), 80% indoor (3km/h)

	Traffic model
	Full buffer

	CSIT
	CSIT either wideband or sub-band based.  
LTE Rel-8 DL 4TX codebook for 4 TX antennas. 
LTE Rel-12 DL 2-stage 4Tx codebooks
NR Rel-15 2-stage 4Tx codebooks (L=1 and L=4)
Reciprocity-based: eigenbeamforming leveraging downlink channel response (ideal but delayed by 5msec)

	MIMO mode
	SU-MIMO with Rank adaptation (Rank 1 or Rank 2)

	Scheduler
	Wideband PF

	Receiver
	MMSE



UL 4GHz, 5G-UMa 200m ISD, 100MHz - Mean UE Throughput

Mean UE throughput	
Rel-8-CB-WB	Rel-8-CB-SB	Rel-8-CB-SB5	Rel-10-CB-WB	Rel-10-CB-SB	Rel-10-CB-SB5	NR-L1-CB-WB	NR-L1-CB-SB	NR-L1-CB-SB5	NR-L4-CB-WB	NR-L4-CB-SB	NR-L4-CB-SB5	54.381218128599997	55.432940442899998	54.035768761899995	55.174243723800004	56.1860848619	54.931601809500002	54.912366366699999	55.256993380999994	54.712852190499994	54.9141524952	55.860069318999997	54.675718952399997	
UE Throughput (Mbps)
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