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Introduction
During RAN#94-e, a new WID for Rel-18 MIMO evolution for DL and UL was agreed. [1]. The objective of the work item concerning 8 Tx UL transmission reads as follows: 
5. Study, and if justified, specify UL DMRS, SRS, SRI, and TPMI (including codebook) enhancements to enable 8 TX UL operation to support 4 and more layers per UE in UL targeting CPE/FWA/ vehicle/industrial devices
· Note: Potential restrictions on the scope of this objective (including coherence assumption, full/non-full power modes) will be identified as part of the study.

In this contribution, we investigate the design of various mechanisms to fulfill this objective. For partially-coherent precoder designs with two and four antenna groups, the layer distribution across the groups is studied in terms of performance and DCI signaling overhead. Further, the design of reduced number partially-coherent precoders are discussed to bring down the signaling overhead without performance degradation. The precoder design for the full power modes are discussed for both the non- and partially-coherent UEs.  The need for mechanisms to identify coherence among ports is addressed next.  Finally,  TPMI/TRI indication for codebook based transmission are considered.  
[bookmark: _Ref178064866]Discussion
[bookmark: _Toc111198129][bookmark: _Toc111199527][bookmark: _Toc111200614][bookmark: _Toc111234145][bookmark: _Toc111234345][bookmark: _Toc111216430][bookmark: _Toc115259030][bookmark: _Toc115277088][bookmark: _Toc115349613]During the RAN1#110 and #110bis meetings, it was decided that 8 TX PUSCH will be supported and a working assumption was made to support dual codeword transmission, as per the following agreements.
Agreement (RAN1#110)
8TX PUSCH is supported in Rel-18.

Working Assumption (RAN1#110bis-e)
For uplink transmission with rank>4, support dual CW transmission.

Furthermore, according to the agreement below, up to 8 layers will be supported for both codebook (CB) and non-codebook operation (NCB):
Agreement (RAN1#110)
Support up to X layers for codebook and non-codebook UL transmission for 8TX UE where X=4, 8 is determined based on separate UE capability.
· For uplink transmission with rank<=4, single CW is supported.
· For uplink transmission with rank>4, whether single or dual CW is used will be decided in RAN1 meeting #110b-e.
The above applies only with regards to the work scope of this agenda item.

In what follows, we discuss how to enable 8 TX uplink transmission with up to 8 layers for CB-based and NCB-based operation. Specifically, codebook design is covered in Section 2.1 and NCB-based operation is covered in Section 2.3. Dual CW design aspects, including how UCI is to be multiplexed on codewords, are discussed in Section 2.2. Finally, TPMI/TRI indication for codebook based operation considering the use of multiple TPMI and/or SRS resources and sets is discussed in Section 2.4.
Codebook design
Given the greater degrees of freedom in an 8 Tx design compared to a 4 Tx design, there are more possible combinations of coherent and non-coherent antenna pairs compared to legacy NR. Four such possibilities are illustrated in Figure 1.
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[bookmark: _Ref115349605]Figure 1	8 Tx coherency combinations.
To support a wide range of UE architectures (with different assumptions on UE coherency), the following agreement was made during the RAN1#110bis-e meeting: 


Here,  denotes the number of antenna-port groups for an 8 Tx UE. When constructing a codebook, the  antenna ports within an antenna-port groups can be assumed to be coherent.Agreement (RAN1#110bis-e)
Support the following cases for codebook design for 8 Tx precoders
· Full coherent precoders with 
· FFS: Full coherent precoders with , 
· Partial coherent precoders with  and 
· This does not imply any relation with the number of TPMI indications for 8TX precoder
· Non-coherent precoders

Support for a larger codebook requires a significant design effort. The number of potential precoders can grow exponentially with the number of elements, depending on the UE antenna configurations assumed. Non-homogeneities such as partial coherence, power modes, and directionality require extra effort in codebook designs, and these are more complex to design for than in the 4-port case. To restrict the number of possible codebook designs, it has been agreed in RAN1#109 and #110 to design 8 Tx codebooks based on 2 & 4 Tx Rel-15 UL precoders for partial- or non-coherent operation, and to select among two alternatives for fully-coherent operation. It was further agreed to use the alternative based on DL type I codebooks for fully-coherent operation in RAN1#111:

Agreement (RAN1#110)
RAN1 further studies Alt1-b and Alt2-a for down-selection of one of the two in RAN1 meeting #110b-e.
· Transmission using one or multiple precoders corresponding to one or multiple SRS resources can be studied as part of the above alternatives.

Agreement (RAN1#109-e)
For 8TX UE codebook-based uplink transmission, down-select one of
· Alt1-a:
· Study NR Rel-15 UL 2TX/4TX codebooks and/or 8x1 antenna selection vector(s) as the starting point for design of the codebook for non-coherent UEs
· Study NR Rel-15 DL Type I codebook as the starting point for design of the codebook for fully/partially-coherent UEs
· Alt1-b:
· Study NR Rel-15 UL 2TX/4TX codebooks and/or 8x1 antenna selection vector(s) as the starting point for design of the codebook for partially/non-coherent UEs
· Study NR Rel-15 DL Type I codebook as the starting point for design of the codebook for fully-coherent UEs
· Alt2-a:
· Study NR Rel-15 UL 2TX/4TX codebooks and/or 8x1 antenna selection vector(s) as the starting point for design of codebook for fully/partially/non-coherent UEs
· Alt2-b:
· Study NR Rel-15 UL 2TX/4TX codebooks and/or 8x1 antenna selection vector(s) in combination with those based on NR Rel-15 DL Type I codebooks as the starting point for design of codebook for fully/partially/non-coherent UEs
· Alt3:
· Study NR Rel-15 DL Type I codebook as the starting point for design of codebook for fully/partially/non-coherent UEs

Transmission using one or multiple precoders corresponding to one or multiple SRS resources can be studied as part of the above alternatives.

Agreement (RAN1#111)
For a fully coherent uplink precoding by an 8TX UE, 
 Support NR Rel-15 single panel DL Type I codebook as the starting point for design of the codebook
o FFS: For a constructed codebook with size M based on above method, unless ; otherwise, round up the codebook size to the smallest integer  by adding  precoders generated via Alt 2a. 
 No LS to RAN4 will be needed

Given the agreement to use Type I DL codebooks for fully-coherent operation, the next major step in the codebook design is how to construct the partially-coherent codebooks. This is described in the next section.
[bookmark: _Ref131608915]Partially-coherent precoder design
For partially-coherent (PC) precoders, NR UL Rel-15 2 Tx/4 Tx codebooks are adopted as the starting point for design of PC codebook for 8 Tx, with both  supported. Since the antenna ports within an antenna group are considered to be coherent, the UL Rel-15 2 Tx/4 Tx codebooks used for the design of 8 Tx PC precoders can be restricted to only the fully-coherent (FC) precoders, which can additionally reduce the number of codebook candidates. 
Two antenna-port groups

	Working Assumption
For partially coherent uplink precoding by an 8TX UE, Ng=2, 
· At least the following combinations of layer splitting are supported
· FFS: For rank>4, all the layers for each CW is mapped to only one antenna group
	Rank
	All layers in one Antenna Group
	Layers split across 2 Antenna Groups

	2
	(2,0), (0,2)
	· 

	2
	· 
	(1,1)

	3
	(3,0), (0,3)
	· 

	3
	· 
	(1,2), (2,1)

	4
	(4,0), (0,4)
	· 

	4
	· 
	(2,2)

	5
	· 
	(2,3), (3,2)

	6
	· 
	(3,3)

	7
	· 
	(3,4), (4,3)




	
Agreement
Confirm the Working Assumption with revision,
For partially coherent uplink precoding by an 8TX UE, Ng=2, 
· At least the following combinations of layer splitting are supported
· FFS: For rank>4, all the layers for each CW is mapped to only one antenna group
	Rank
	All layers in one Antenna Group
	Layers split across 2 Antenna Groups

	2
	(2,0), (0,2)
	· 

	2
	· 
	(1,1)

	3
	(3,0), (0,3)
	· 

	3
	· 
	(1,2), (2,1)

	4
	(4,0), (0,4)
	· 

	4
	· 
	(2,2)

	5
	· 
	[(2,3), (3,2)]

	6
	· 
	(3,3)

	7
	· 
	[(3,4), (4,3)]


The part in square brackets is still Working Assumption
Note: At least one permutation will be selected in RAN1#114.




The following design can be considered for the design of PC precoders for and the rank :
· [bookmark: _Hlk127203195]For ,  and  ,
· For ,  and , and ,
· For , 
Where, and are the UL Rel-15 4 Tx FC precoders, such that
, , ,  and  are the rank of  and , respectively, and . Accordingly, the layer distribution among the antenna groups for the PC precoders with the above design is summarized in Table 1. 
[bookmark: _Ref131507537]Table 1	Layer splits for PC precoders over the antenna groups for , where are the rank of UL Rel-15 4 Tx FC precoder corresponding to each antenna group
	
	All layers in one Antenna Group
	Layers split across 2 Antenna Groups

	1
	(0,1), (1,0)
	· 

	2
	(0,2), (2,0)
	· 

	2
	· 
	(1,1)

	3
	(0,3), (3,0)
	· 

	3
	· 
	(1,2), (2,1)

	4
	(0,4), (4,0)
	· 

	4
	· 
	(1,3), (2,2), (3,1)

	5
	· 
	(1,4), (2,3), (3,2), (4,1)

	6
	· 
	(2,4), (3,3), (4,2)

	7
	· 
	(3,4), (4,3)

	8
	· 
	(4,4)



In the following, the agreed alternatives with the layer splits for 8 Tx PC precoders for with and without either one or both the (3, 2) and (4, 3) layer splits for rank 5 and 7, respectively are compared. Further to limit the DCI overhead, the precoder candidates with an additional pruning, .i.e., restricting UL Rel-15 4 Tx FC precoders obtained from the DL Rel-15 Type-I codebooks with  for the design of 8 Tx PC precoders for , is evaluated. In Table 2, the number of the precoder candidates are presented with and without an additional pruning. In Figure 2 and Figure 3, the performance of the PC designs discussed above for the “indoor FWA” scenario is presented, where the two antenna groups are arranged as two 4 Tx arrays pointing in opposite directions (back-to-back 1 x 2 dual polarized ULA panels) and in the same direction (two 1 x 2 dual polarized ULA panels pointing in same direction), respectively. It can be observed that all the PC designs with different layer split options have a similar performance, which points out that the elimination of either one or both (3, 2) and (4, 3) layer splits will not hamper the performance, while reducing the number of codepoints required to be evaluated. Furthermore, it can be seen that with pruning, there is no significant loss in the performance, with the DCI overhead dropping to 8 bits from 10 bits.
[bookmark: _Ref142485140]Table 2	Codebook size for 8 Tx PC precoders for based on layer splits with and without either one or both the (3, 2) and (4, 3) layer splits for rank 5 and 7, respectively
	
	PC precoders with (3, 2) and (4, 3) layer splits for rank 5 and 7, respectively
	PC precoders without (4, 3) layer split for rank 7 and with (3, 2) layer split for rank 5
	PC precoders without (3, 2) and (4, 3) layer splits for rank 5 and 7, respectively
	PC precoders with (3, 2) and (4, 3) layer splits for rank 5 and 7, respectively, and  for NR UL Rel-15 4 Tx precoders
	PC precoders without (4, 3) layer split for rank 7 and with (3, 2) layer split for rank 5, and  for NR UL Rel-15 4 Tx precoders
	PC precoders without (3, 2) and (4, 3) layer splits for rank 5 and 7, respectively, and  for NR UL Rel-15 4 Tx precoders

	1
	32
	32
	32
	16
	16
	16

	2
	272
	272
	272
	72
	72
	72

	3
	264
	264
	264
	68
	68
	68

	4
	68
	68
	68
	20
	20
	20

	5
	64
	64
	32
	16
	16
	8

	6
	16
	16
	16
	4
	4
	4

	7
	16
	8
	8
	8
	4
	4

	8
	4
	4
	4
	4
	4
	4

	
	636
	636
	636
	176
	176
	176

	
	736
	728
	696
	208
	204
	196
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Figure 2	Mean and cell-edge user UL throughout versus served traffic, comparing different PC codebook designs described in Table 8 in the “indoor FWA” scenario for . Here, the bandwidth is set to 100 MHz and with two back-to-back panels (two 1 x 2 ULA panels with dual polarized directional antennas pointing in opposite direction) deployed at the UEs. The remaining SLS parameters are collected in Table 11 in the Appendix.
[image: ] [image: ]
Figure 3	Mean and cell-edge user UL throughout versus served traffic, comparing different PC codebook designs described in Table 8 in the “indoor FWA” scenario for . Here, the bandwidth is set to 100 MHz and with an ULA divided into two groups (two 1 x 2 ULA panels with dual polarized isotropic antennas pointing in same direction) deployed at the UEs. The remaining SLS parameters are collected in Table 11 in the Appendix.

Eliminating the layer splits (3, 2) and (4, 3) for rank 5 and 7 have negligible effect on the performance, however it does not give any advantage in reducing the DCI overhead.
Pruning the Rel-15 4 Tx FC precoders, to have , used to construct the 8 Tx PC precoders significantly brings down the number of codebook candidates. 
[bookmark: _Toc142662268][bookmark: _Toc142608260][bookmark: _Toc142660969]Limit the TPMI/TRI overhead to 8 bits for UL 8 Tx PC codebooks with , by restricting the oversampling factor to for the 4 Tx FC precoders used to construct the 8 Tx PC precoders. 
[bookmark: _Ref142560169]Four antenna-port groups

	Agreement (RAN1#112bis)
For partially coherent uplink precoding by an 8TX UE codebook, Ng=4, Alt1 is supported where
· Precoding design is based on Rel-15 UL 2TX codebook, 
· Full-coherent precoders are used
· Further study codebook size reduction


Agreement (RAN1#112bis)
For partially coherent uplink precoding by an 8TX UE codebook, Ng=4, 
· The following rank and layer splitting cases are supported,
	Rank
	All layers in one Antenna Group
	Layers split across 4 Antenna Groups

	1
	(1,0,0,0), (0,1,0,0), (0,0,1,0), (0,0,0,1)
	·  

	2
	(2,0,0,0), (0,2,0,0), (0,0,2,0), (0,0,0,2)
	·  

	2
	· 
	Transmission by 2 of the 4 antenna groups:
(1,1,0,0), (1,0,1,0), (1,0,0,1)
(0,1,1,0), (0,1,0,1), (0,0,1,1)

	4
	·  
	(1,1,1,1)

	4
	· 
	Transmission by 2 of the 4 antenna groups:
(2,2,0,0), (2,0,2,0), (2,0,0,2)
(0,2,2,0), (0,2,0,2), (0,0,2,2)

	8
	·  
	(2, 2, 2, 2)


Note: Above is not relevant to how precoders are indicated.

Agreement (RAN1#112bis)
For partially coherent uplink precoding by an 8TX UE codebook, Ng=4, 
· In addition to the previously agreed cases, down-select from the rank and layer splitting cases listed below 
	Rank
	All layers in one Antenna Group
	Layers split across 4 Antenna Groups
(All possible permutations)

	3
	· 
	Transmission by 2 of the 4 antenna groups:
(2,1,0,0), (2,0,1,0), (2,0,0,1), (0,2,1,0), (0,2,0,1), (0,0,2,1),
(1,2,0,0), (1,0,2,0), (1,0,0,2), (0,1,2,0), (0,1,0,2), (0,0,1,2)
 
Transmission by 3 of the 4 antenna groups:
(1,1,1,0), (1,1,0,1), (1,0,1,1), (0,1,1,1)

	4
	· 
	Transmission by 3 of the 4 antenna groups:
(2,1,1,0), (0,2,1,1), (1,0,2,1), (1,1,0,2)
(1,2,1,0), (1,1,2,0), (0,1,2,1), (0,1,1,2), (1,0,1,2), (2,0,1,1), (2,1,0,1), (1,2,0,1)

	5
	·  
	Transmission by 3 of the antenna groups:
(2,2,1,0), (2,2,0,1), (2,0,2,1), (0,2,2,1),  
(2,1,2,0), (1,2,2,0), (2,1,0,2), (1,2,0,2), (2,0,1,2), (1,0,2,2), (0,2,1,2), (0,1,2,2)
 
Transmission by 4 of the 4 antenna groups:
(1,1,2,1), (1,1,1,2), (2,1,1,1), (1,2,1,1)

	6
	·  
	Transmission by 3 of the 4 antenna groups:
(2,2,2,0), (2,2,0,2), (2,0,2,2), (0,2,2,2)
 
Transmission by 4 of the 4 antenna groups:
(2,1,2,1), (1,2,1,2), (1,2,2,1), (2,1,1,2), (2,2,1,1), (1,1,2,2

	7
	· 
	Transmission by 4 of the 4 antenna groups:
(2,1,2,2), {(2,2,2,1), (1,2,2,2), (2,2,1,2)




	
Agreement
For partially coherent uplink precoding by an 8TX UE, Ng=4, 
· The following rank and layer splitting cases are supported,
	Rank
	All layers in one Antenna Group
	Layers split across 4 Antenna Groups
(All possible permutations)

	3
	· 
	Transmission by 2 of the 4 antenna groups:
(2,1,0,0), (2,0,1,0), (2,0,0,1), (0,2,1,0), (0,2,0,1), (0,0,2,1),
 
Transmission by 3 of the 4 antenna groups:
(1,1,1,0), (1,1,0,1), (1,0,1,1), (0,1,1,1)

	5
	·  
	Transmission by 3 of the antenna groups:
(2,0,2,1), (0,2,2,1),  
 
Transmission by 4 of the 4 antenna groups:
(1,1,2,1)

	6
	·  
	Transmission by 3 of the 4 antenna groups:
(2,2,2,0), (2,0,2,2)
 
Transmission by 4 of the 4 antenna groups:
(2,1,2,1)

	7
	· 
	Transmission by 4 of the 4 antenna groups:
(2,1,2,2)








The following design can be considered for the design of PC precoders for and rank :
· For ,  , and  ,
· For ,  ,  ,, and 
· For ,
Where are the UL Rel-15 2 Tx FC precoders, such that . Further, , ,  and can be the UL Rel-15 2 Tx FC precoders, with  being the corresponding rank, such that , where , and 
I. If ,  and the corresponding column are eliminated from the precoder matrix, and
II. If ,  .
Accordingly, the layer distribution among the antenna groups for the PC precoders with the above design is summarized in . 
[bookmark: _Ref135065995][bookmark: _Ref131523170]Table 3	Layer distribution for PC precoders over the antenna groups for , where are the rank of UL Rel-15 2 Tx FC precoder corresponding to each antenna group
	
	All layers in one Antenna Group
	Layers split across 2 Antenna Groups
	Layers split across 3 Antenna Groups
	Layers split across 4 Antenna Groups

	1
	(1,0,0,0), (0,1,0,0), (0,0,1,0), (0,0,0,1)
	· 
	· 
	· 

	2
	(2,0,0,0), (0,2,0,0), (0,0,2,0), (0,0,0,2)
	· 
	· 
	· 

	2
	· 
	(1,1,0,0), (1,0,1,0), (1,0,0,1), (0,1,1,0),
(0,1,0,1), (0,0,1,1)
	· 
	· 

	3
	· 
	(2,1,0,0), (2,0,1,0), (2,0,0,1), (0,2,1,0), (0,2,0,1), (0,0,2,1), (1,2,0,0), (1,0,2,0), (1,0,0,2), (0,1,2,0), (0,1,0,2), (0,0,1,2)
	· 
	· 

	3
	· 
	· 
	(1,1,1,0), (1,1,0,1), (1,0,1,1), (0,1,1,1)
	· 

	4
	· 
	(2,2,0,0), (2,0,2,0), (2,0,0,2), (0,2,2,0), (0,2,0,2), (0,0,2,2)
	· 
	· 

	4
	· 
	·                 
	(2,1,1,0), (2,1,0,1), (2,0,1,1), (0,2,1,1), (1,2,1,0), (1,2,0,1), (1,0,2,1), (0,1,2,1), (1,1,2,0), (1,1,0,2), (1,0,1,2), (0,1,1,2)
	

	4
	· 
	· 
	· 
	(1,1,1,1)

	5
	· 
	·  
	(2,0,2,1), (0,2,1,2), (2,1,2,0), (1,2,0,2), (2,2,1,0), (2,2,0,1), (0,2,2,1), (2,1,0,2), (2,0,1,2), (1,2,2,0), (1,0,2,2), (0,1,2,2)
	· 

	5
	· 
	· 
	· 
	(1,1,2,1), (1,1,1,2), (2,1,1,1), (1,2,1,1)

	6
	· 
	· 
	(2,2,2,0), (2,2,0,2), (2,2,0,2), (0,2,2,2)
	· 

	6
	· 
	· 
	· 
	(2,1,2,1), (1,2,1,2), (2,1,1,2), (1,2,2,1), (1,1,2,2), (2,2,1,1)

	7
	· 
	·  
	· 
	(2,1,2,2), (1,2,2,2), (2,2,2,1), (2,2,1,2)

	8
	· 
	· 
	· 
	(2,2,2,2)




In the following, the precoder candidates for 8 Tx PC precoders for  with layer splits agreed in RAN1#113 are evaluated. Further to limit the DCI overhead, the precoder candidates with the following additional pruning is evaluated: 
· Alt a: the co-phasing factor across the polarization is restricted to for rank 1 Rel-15 2 Tx FC precoders used to design the 8 Tx PC precoders with , or
· Alt b: the co-phasing factor across the polarization is restricted to  for rank 1 and 2 Rel-15 2 Tx FC precoders used to design the 8 Tx PC precoders with .
The codebook size for each design is summarized in Table 4. Figure 4 and Figure 5 show the performance of the PC designs for the “indoor FWA” scenario, where the four antenna groups are arranged as four dual polarized antenna ports pointing in four different directions and as ULA with four dual polarized antenna ports pointing in the same direction, respectively. It can be observed that all the PC designs with and without the proposed pruning have a similar performance, which reiterates the advantage of the proposed pruning to reduce the number of candidates significantly without affecting the performance. Specifically, with proposed pruning, the DCI overhead is restricted to 8 and 7 bits with Alt a and Alt b, respectively, compared to 10 bits required without pruning. 
[bookmark: _Ref142485263]Table 4	Codebook size for 8 Tx PC precoders for based layer splits agreed in RAN1#113 with and without pruning
	
	PC precoders with agreed layer splits in RAN1#113
	PC precoders with agreed layer splits in RAN1#113 and with pruning (Alt a)
	PC precoders with agreed layer splits in RAN1#113 and with pruning (Alt b)

	1
	16
	8
	8

	2
	104
	32
	28

	3
	304
	56
	44

	4
	280
	40
	22

	5
	160
	32
	12

	6
	80
	32
	6

	7
	32
	16
	2

	8
	16
	16
	1

	
	704
	136
	102

	
	992
	232
	123
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Figure 4	Mean and cell-edge user UL throughout versus served traffic, comparing PC codebook designs agreed in RAN1#113 with and without the proposed pruning in the “indoor FWA” scenario for . Here, the bandwidth is set to 100 MHz and with four dual-polarized directional antennas pointing in four different directions deployed at the UEs. The remaining SLS parameters are collected in Table 11 in the Appendix.
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Figure 5	Mean and cell-edge user UL throughout versus served traffic, comparing PC codebook designs agreed in RAN1#113 with and without the proposed pruning in the “indoor FWA” scenario for . Here, the bandwidth is set to 100 MHz and with four dual-polarized directional antennas arranged as an ULA and pointing in the same directions deployed at the UEs. The remaining SLS parameters are collected in Table 11 in the Appendix.

Pruning the Rel-15 2 Tx FC precoders used for constructing the 8 Tx PC precoders for has negligible effect on the performance, while significantly bringing down the number of 8 Tx PC codebook candidates. 

[bookmark: _Toc142662269][bookmark: _Hlk142515009][bookmark: _Toc134819156][bookmark: _Toc135014881][bookmark: _Toc134819157][bookmark: _Toc135014882][bookmark: _Toc134819158][bookmark: _Toc135014883][bookmark: _Toc134819159][bookmark: _Toc135014884][bookmark: _Toc134819160][bookmark: _Toc135014885][bookmark: _Toc134819161][bookmark: _Toc135014886][bookmark: _Toc111216434][bookmark: _Toc115259035][bookmark: _Toc115277093][bookmark: _Toc115349618][bookmark: _Toc115353284][bookmark: _Toc115436368][bookmark: _Toc115436603][bookmark: _Toc115436796][bookmark: _Toc115439603][bookmark: _Toc115440530][bookmark: _Toc115440567][bookmark: _Toc111216435][bookmark: _Toc115259036][bookmark: _Toc115277094][bookmark: _Toc115349619][bookmark: _Toc115353285][bookmark: _Toc115436369][bookmark: _Toc115436604][bookmark: _Toc115436797][bookmark: _Toc115439604][bookmark: _Toc115440531][bookmark: _Toc115440568][bookmark: _Toc111216436][bookmark: _Toc115259037][bookmark: _Toc115277095][bookmark: _Toc115349620][bookmark: _Toc115353286][bookmark: _Toc115436370][bookmark: _Toc115436605][bookmark: _Toc115436798][bookmark: _Toc115439605][bookmark: _Toc115440532][bookmark: _Toc115440569][bookmark: _Toc111216437][bookmark: _Toc115259038][bookmark: _Toc115277096][bookmark: _Toc115349621][bookmark: _Toc115353287][bookmark: _Toc115436371][bookmark: _Toc115436606][bookmark: _Toc115436799][bookmark: _Toc115439606][bookmark: _Toc115440533][bookmark: _Toc115440570][bookmark: _Toc111216438][bookmark: _Toc115259039][bookmark: _Toc115277097][bookmark: _Toc115349622][bookmark: _Toc115353288][bookmark: _Toc115436372][bookmark: _Toc115436607][bookmark: _Toc115436800][bookmark: _Toc115439607][bookmark: _Toc115440534][bookmark: _Toc115440571][bookmark: _Toc111216439][bookmark: _Toc115259040][bookmark: _Toc115277098][bookmark: _Toc115349623][bookmark: _Toc115353289][bookmark: _Toc115436373][bookmark: _Toc115436608][bookmark: _Toc115436801][bookmark: _Toc115439608][bookmark: _Toc115440535][bookmark: _Toc115440572][bookmark: _Toc111216440][bookmark: _Toc115259041][bookmark: _Toc115277099][bookmark: _Toc115349624][bookmark: _Toc115353290][bookmark: _Toc115436374][bookmark: _Toc115436609][bookmark: _Toc115436802][bookmark: _Toc115439609][bookmark: _Toc115440536][bookmark: _Toc115440573][bookmark: _Toc111216441][bookmark: _Toc115259042][bookmark: _Toc115277100][bookmark: _Toc115349625][bookmark: _Toc115353291][bookmark: _Toc115436375][bookmark: _Toc115436610][bookmark: _Toc115436803][bookmark: _Toc115439610][bookmark: _Toc115440537][bookmark: _Toc115440574][bookmark: _Toc111216442][bookmark: _Toc115259043][bookmark: _Toc115277101][bookmark: _Toc115349626][bookmark: _Toc115353292][bookmark: _Toc115436376][bookmark: _Toc115436611][bookmark: _Toc115436804][bookmark: _Toc115439611][bookmark: _Toc115440538][bookmark: _Toc115440575]Limit the TPMI/TRI overhead to 7 bits for UL 8 Tx PC codebooks with , by restricting the co-phasing factors to between the antenna ports of 2 Tx FC precoders used to construct the 8 Tx PC precoders. 
Full power UL MIMO
Full power operation has greater implications in Rel-18 than in earlier releases simply because there are more possible PA power combinations, and due to the greater power, complexity, and size of 8 Tx arrays, and the variety of scenarios where 8 Tx UEs can be used. Full power modes have different requirements with respect to SRS resource configurations and affect codebook designs as well. In RAN1#110bis, it was difficult to progress the design details of full power operation without having some common understanding of what PA architectures were to be supported. Overall, for full power modes, the following agreements have been reached: 

	Agreement (RAN1#110bis-e)
In Rel-18, on support of full power operation by a partial/non-coherent 8 Tx UE configured with codebook-based transmission, 
· Identify and agree on at least one potential PA architecture by RAN1 meeting #111.
Agreement (RAN1#111)
Study full TX power uplink codebook-based transmission by a partially/non-coherent 8TX precoder,
1. Reuse Rel-16 UE capability definitions for discussion purpose, i.e., UE Capability 1, 2 and 3
1. For full TX power transmission by UE Capability 2/3, at least, following exemplary PA architectures can be considered 
1. Other cases of interest are not precluded, down-select preferred potential architecture for the purpose of 8TX full power study in RAN#112.
1. This can be used for other UE Power Classes as well.
	8TX UE, Power class 3 (23 dBm)
Pi= Nominal power rating of each PA
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	Regular UE
	P1=P2= …=P8=14 dBm 
(Full power supported by Mode1)

	
	











Full-power capable UE
	Full power capability with any PA comb. (CAP1)
Example: 
P1=P2= …=P8= 23 dBm

	
	
	Full power capability with 1 PA (CAP3)
Example: 
P1=P2= …=P7= 14 dBm
P8= 23 dBm

	
	
	(lower priority) Full power capability with 2 PAs (CAP2)
Example 2a: 
P1=P2= …=P6= 14 dBm, P7=P8 ≥ 20 dBm
Example 2b:
P1=P2= …= P8= 20 dBm

	
	
	(lower priority) Full power capability with 4 PAs (CAP2)
Example 3a: 
P1=P2= …=P4= 14 dBm, P5=P6= …=P8 ≥ 17 dBm
Example 3b: 
P1=P2= …= P8 = 17 dBm

	
	
	(lower priority) Full power capability with 6 PAs (CAP2)
Example 4a: 
P1=P2= 14 dBm, P3=P4= …=P8 ≥ 15.3 dBm
Example 4b: 
P1=P2= … = P8≥ 15.3 dBm



Agreement (RAN1#112bis)
Framework for full power PUSCH transmission by an 8TX UE 
· To support full power transmission with Mode0, Rel-16 Mode0 (fullPower ) is re-used.
· FFS if any change is required in the specifications.
· Working Assumption To support full power transmission with Mode1, Rel-16 Mode1 (fullPowerMode1) is re-used.
· FFS if more than one of the 8TX full coherent precoders is used per rank. 
· Working Assumption To support full power transmission with Mode2, Rel-16 Mode2 (fullPowerMode2) is re-used.
· FFS definition of precoder groups (G0, G1, …)
· FFS enhancements for SRS configuration 

Agreement
For codebook -based 8TX PUSCH transmission, down-select from,
· Alt1
· A fully-coherent UE (Ng =1) can be configured with precoders considered for at least one or more Ng cases, i.e., Ng =1, 2, 4, 8
· FFS which combinations of Ng value(s), to be considered
· A partially-coherent UE , with Ng =2 can be configured with precoders considered for at least one or more Ng cases, i.e., Ng =2, 4, 8
· FFS which combinations of Ng value(s), to be considered
· A partially-coherent UE , with Ng =4, can be configured with precoders considered for at least one or more  Ng cases, i.e., Ng= 4, 8
· FFS which combinations of Ng value(s), if any, to be considered
· A non-coherent UE , Ng =8, can only be configured with precoders considered for Ng = 8
· Alt2 
· A fully-coherent UE (Ng =1) can only be configured with precoders considered for one of Ng cases, i.e., Ng =1, 2, 4, 8
· FFS which Ng value(s), to be considered
· A partially-coherent UE , with Ng =2, can only be configured with precoders considered for one of Ng cases, i.e., Ng =2, 4, 8
· FFS which Ng value(s), to be considered
· A partially-coherent UE , with Ng =4, can only be configured with precoders considered for one of Ng cases, i.e., Ng =4, 8
· FFS which Ng value(s), to be considered
· A non-coherent UE , with Ng =8, can only be configured with precoders considered for Ng = 8
· FFS whether/how the configuration can be done via RRC or MAC-CE.
· Alt3
· A fully-coherent UE (Ng =1) can only be configured with precoders considered for Ng =1
· A partially-coherent UE , with Ng =2, can only use precoders considered for Ng =2
· A partially-coherent UE , with Ng =4, can only use precoders considered for Ng =4
· A non-coherent UE , with Ng =8, can only use precoders considered for Ng = 8
· Other alternatives are not precluded
Note: For an 8TX UE, Ng =8 can represent a non-coherent UE.

Agreement
For codebook-based 8TX PUSCH transmission, Alt3 is supported, where 
· A fully-coherent UE (Ng =1) can only be configured with precoders considered for Ng =1
· A partially-coherent UE, with Ng =2, can only use precoders considered for Ng =2
· A partially-coherent UE, with Ng =4, can only use precoders considered for Ng =4
· A non-coherent UE, with Ng =8, can only use precoders considered for Ng = 8

Agreement
For an 8TX UE, Option 1 is supported,
· Option 1 – Subject to its capability, an 8TX UE may report more than one Ng value, based on which, gNB may RRC configure UE with a codebook corresponding to only one of the supported Ng values.

Agreement
For full power PUSCH transmission by an 8TX UE, confirm the Working Assumption for Mode1 with updates:
· To support full power transmission with Mode1, Rel-16 Mode1 (fullPowerMode1) is re-used.
· FFS if more than one of the 8TX full coherent precoders is used. 
· FFS: identification of precoders per rank / per Ng

Agreement
For full power PUSCH transmission by an 8TX UE, confirm the Working Assumption for Mode2 with updates:
· To support full power transmission with Mode2, Rel-16 Mode2 (fullPowerMode2) is re-used.
· FFS definition of precoder groups (G0, G1, …)
· FFS enhancements for SRS configuration

Definition of antenna group from RAN1#109-e simulation assumptions:
· Ng>=1 antenna groups can be considered where each group comprises coherent antennas, and across groups, antennas can be non-coherent/coherent depending on device types
· An example of an antenna group is a panel




As discussed further below, agreements in RAN1#113 related to coherence an codebook structure significantly affect how Mode 1 can be specified.   Therefore, in the next section, we consider what can be supported for Rel-18 for Mode 1, the design of codebooks supporting Mode 1, and present simulation results for various alternatives.  In the following section, we revisit the Modes 0 and 2, suggesting ways forward for these Modes.
Full power Mode 1
Configuring a UE with precoders considered for different values of  was not agreed, so codebooks can only contain precoders considered for one value of . This means that precoders with lesser coherence can’t be in a codebook with precoders with higher coherence, and so the codebook subsets from Rel-15 are not supported for 8 Tx operation. On the other hand, there is also the agreement from RAN1#113 that 8 Tx full power Mode 1 will reuse Rel-16 full power Mode 1. Rel-16 relies on codebook subsets containing fully or partially coherent precoders for non-coherent transmission, so some interpretation of agreements is needed. The principle of full power Mode 1 is to combine the power of Tx chains without requiring coherence among Tx chains. This is done in Rel-16 by designating precoders would normally require coherence because they transmit on multiple ports as non-coherent precoders. 
According to the agreement from RAN1#112bis (as well as general understanding prior to that),  can represent 8 Tx non-coherent UEs. The precoders in the non-coherent codebook occupy at most one port per layer, whereas full power Mode 1 precoders occupy more than one port per layer. There are therefore two types of non-coherent precoder that must be supported in Rel-18.
Even though codebook subsets are not supported, since full power Mode 1 precoders are also non-coherent precoders, it would be in theory possible to use the non-coherent codebook for UL FPTx Mode 1. However, in RAN1#113, it was considered, but not agreed, to support a subset of the 255 combinations from the 8 non-coherent rank 1 precoders for up to rank 8 transmission. Therefore, all 255 precoders are needed for up to rank 8 non-coherent transmission, and in this case there is only one undefined precoder available for UL FPTx Mode 1. This would allow e.g. rank 1 Mode 1 transmission, but this would be a very minimalistic Mode 1 design that may have little real benefit given the common use of ranks larger than 1. Furthermore, since DCI 0_0 requires full power transmission on a single layer, there is essentially no benefit from a pure coverage viewpoint of having only rank 1 for UL FPTx for 8 Tx UEs.
While the agreement precluding codebook subsets does allow Mode 1 precoders to be used in a codebook with non-coherent precoders, it only allows Mode 1 precoders to be used in partially coherent codebooks as long as these precoders operate across the subsets of ports that are non-coherent.
Agreements preclude the use of codebook coherence subsets and effectively preclude expanding the current non-coherent codebook to support UL FPTx Mode 1. Therefore, a separate codebook for UL FPTx Mode 1 and seems required.
Mode 1 can be used for partially coherent codebooks as long as Mode 1 precoding combines the subset of ports that are non-coherent.
A Mode 1 specific codebook could include the selection vectors from the current non-coherent codebook.  However, the selection vectors can’t actually improve performance of a single radio link if the Rel-15 power scaling is used, since transmitting on more than one port will always improve performance. One rationale for selection vectors in Rel-15 was that they could be used for power saving, and so a mix of lesser and higher coherence precoders was included the Rel-15 codebooks. However, since codebook coherence subsets are not supported in Rel-18, but UEs can be configured with different coherence codebooks, power savings is supported for 8 Tx UEs via RRC reconfiguration, and power savings should not be a consideration in the design of the Mode 1 codebook.
While selection vectors can’t improve the performance of a single radio link for non-coherent UEs vs. multi-port transmission, if directional antennas are used, selecting antennas can be better than multi-port, since interference can be controlled. However, Mode 1 transmission is intended to deliver more power to the UE's serving gNB, and transmitting in different directions will generally reduce the power received by the serving gNB. Therefore, at least pairs of antennas should be coboresighted, which is in line with the cross polarized arrays assumed for 8 Tx. It can make sense for a codebook design to allow selection of N pairs or groups of antennas.
The Rel-18 codebook fully and partially coherent designs support antenna group sizes of 2, 4, or 8 ports per group. To maintain the Rel-16 principle of non-coherently combining ports that are coherently combined in other codebooks, and since Mode 1 must combine multiple ports, a Mode 1 codebook could therefore combine over 2, 4, or 8 ports. In order to keep the power per layer as equal as possible, the designs should try to keep the same number of ports per layer in a multi-layer transmission. Furthermore, to be consistent with partially and fully coherent designs, the concept of group selection can be reused for the non-coherent codebook design.
A design approach can be illustrated as follows using a rank 2 example. If a rank 2 precoder is based on 2 ports per group and per layer, it will occupy 2 of 4 groups. There will be nchoosek(4,2)=6 such precoders. If instead the rank 2 precoder used 4 ports per group and per layer, it would occupy both groups, and there is only one such precoder. A non-coherent codebook supporting rank 2 with both 2 and 4 groups would therefore need 7 precoders.
It is not possible to divide 8 ports equally among ranks 3, 5, 6, and 7, and so some layers will have one more port than others. This is not a crucial aspect of the design (and is indeed not new given the rank 3 precoder for 4 Tx in Rel-15). One simple solution is to use the largest equal number of ports per layer such that the total over all layers that does not exceed 8, and then add one port to each layer until all 8 ports are used.
Based on the above, a full power non-coherent codebook can be designed such that the precoders restricts one layer per antenna port, while allowing transmission from a subset of antenna port pairs and from all antenna port pairs for each rank. Accordingly, the following principle can be used for the precoder design, where the resultant codebook in tabulated in Table 7.
· Rank 1: The precoders are designed such that the layer is transmitted from i) any of the port groups with each group consisting of two antenna ports, resulting in nchoosek(4,1) = 4 precoders, ii) any of the port groups with each group consisting of 4 antenna port resulting in nchoosek(2,1) = 2 precoders, or iii) one port group with 8 antenna port pairs, resulting in 1 precoder. This gives a total of 7 precoders for rank 1. 
· Rank 2: The precoders are designed such that the two layers are transmitted from i) any set of two port groups with each group consisting of two antenna ports, resulting in nchoosek(4, 2) = 6 precoders, or ii) a set of two port groups with each group consisting of 4 antenna ports resulting in 1 precoder. This gives a total of 7 precoders for rank 2. 
· Rank 3: The precoders are designed such that the three layers are transmitted from any set of the three port groups with each group consisting of two antenna ports, resulting in nchoosek(4, 3) = 4 precoders. The precoders occupy 6 out of 8 antenna ports. Further, to achieve a full power transmission, one precoder is added where set of four port groups with each set consist of two antenna ports transmit three layers, such that the first layer is transmitted on the first port group, while the second and third layers are transmitted on second and third port groups, respectively, while also occupying one antenna port each in the fourth port group. This gives a total of 5 precoders for rank 3. 
· Rank 4: The precoder is designed such that the four layers are transmitted from four port groups with each group consisting of two antenna ports resulting in 1 precoder. This gives a total of 1 precoder for rank 4. 
· Rank 5: The precoders are designed such that the five layers are transmitted from any set of three port groups with each group consisting of two antenna ports, resulting in nchoosek(4, 3) = 4 precoders. Note that any of the 2 out of first 3 port groups carry two layers, while the third port group non-coherently combines one layer. The precoders occupy 6 out of 8 antenna ports. Further, to achieve a full power transmission, one precoder is added where the first, second and third layers are transmitted on the first three port group each, while the fourth and fifth layers are transmitted on the fourth port group. This gives a total of 5 precoders for rank 5. 
· Rank 6: The precoders are designed such that the six layers are transmitted from any set of three port groups with each group consisting of two antenna ports, resulting in nchoosek(4, 3) = 4 precoders. Note that each of the port group carries two layers each, resulting in 6 out of 8 occupied antenna ports. Further, to achieve a full power transmission, one precoder is added where the first and second layers are transmitted on one port group each, while the third and fourth layers, and fifth and sixth layers are transmitted on two port groups. This gives a total of 5 precoders for rank 6.
· Rank 7: The precoders are designed such that the seven layers are transmitted from four port groups with each group consisting of two antenna ports, resulting in 1 precoder for rank 7. Note that each of the first three port groups carry two layers each, while the fourth port group non-coherently combines one layer to achieve a full power transmission.
· Rank 8: The precoders are designed such that the eight layers are transmitted from four port groups with each group consisting of two antenna ports, resulting 1 precoder for rank 8. Note that each of the port groups carries two layers to achieve a full power transmission. 

Based on the above there are 32 full power precoders for Rel-16 Mode 1 power scaling (PS). Accordingly, in Figure 6, the performance of the PC designs with different power scaling is illustrated for rank 1-8 and the “indoor FWA” scenario, where the non-coherent antenna ports are arranged as ULA with four dual polarized non-coherent antenna ports pointing in the same direction. Note that for the non-full NC power precoders, the agreed selection vectors are considered, which has 255 candidates. Further, for comparison, a full power Mode 1 codebook is considered, where the non-full power precoders with Rel-15 PS is added with one full power Mode 1 precoder for rank 1, i.e., , for a total of 256 precoders. From the figure, it can be observed that there is a significant gain over the Rel-15 PS by adding the proposed full power Mode 1 precoders. This can be attributed to the fact that the full power Mode 1 precoders allow the UEs to operate with more power, especially at the low SINR limited regime, compared to the Rel-15 PS. Furthermore, the Rel-16 Mode 1 PS with 32 candidates has a noticeably better mean throughput gain over the Rel-16 Mode 1 PS with 256 candidates, and provides good cell-edge throughput: about 12% better at a ~70% load point. 
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[bookmark: _Ref142552999]Figure 6	Mean and cell-edge user UL throughout versus served traffic, comparing NC codebook designs with different power scaling (PS), i.e., Rel-15 PS, Rel-16 Mode 0 PS, and Rel-16 Mode 1 PS (with different full power (FP) precoder candidates), in the “indoor FWA” scenario for . Here, the bandwidth is set to 100 MHz with transmit power of 23 dBm and , where four dual-polarized isotropic antennas arranged as an ULA and pointing in the same directions is deployed at the UEs. The remaining SLS parameters are collected in Table 11 in the Appendix. 

Despite its size, the Rel-16 Mode 1 precoders with 32 candidates can have a performance gain of ~12% over the Rel-16 Mode 1 precoders with 256 candidates for the cell-edge UEs.
The system level performance benefits of directional antennas can be had with non-coherent transmission with UL FPTx Mode 1, consistent with group selection in multi-panel transmission with partially coherent designs.
[bookmark: _Toc142662270]A codebook for use only with UL FPTx Mode 1 is designed based on non-coherently combining within port groups and selecting combinations of these groups, such that the number of ports per layer is nearly equal and the total number of ports occupied by a precoding matrix is less than or equal to 8 ports. The antenna port groups are equally sized, and have 2, 4, or 8 ports per group.
[bookmark: _Toc142662271]The TPMI/TRI field for the UL FPTx Mode 1 8 Tx codebook uses 5 bits for up to 8 layers.
[bookmark: _Toc142662272]The NC Mode 1 codebook uses group selection of all possible combinations of port groups containing 2, 4, or 8 ports, with near-equal number of ports per layer, and striving for one group per layer, such that  
· [bookmark: _Toc142662273]A group is either fully occupied or not occupied.
· [bookmark: _Toc142662274]For a transmission, the maximum number of ports per layer can be at most one greater than the minimum number of ports per layer.
· [bookmark: _Toc142662275]For each of ranks 1-4, group selection is over groups containing 2, 4, and/or 8 ports.  
· [bookmark: _Toc142662276]Ranks {1,2,3,4} use {7,7,5,1} precoders with {{1,2,4}, {2,4}, {3,4}, or {4}} groups per precoder.
· [bookmark: _Toc142662277]For each of ranks 5-8, group selection is over groups containing 2 ports.
· [bookmark: _Toc142662278]Ranks {5,6,7,8} use {5,5,1,1} precoders with {{3,4}, {3,4}, {4}, or {4}} groups per precoder.
· [bookmark: _Toc142662279]8 port group used are ports {0,1,2,3,4,5,6,7}; 4 port groups used are ports {0,1,4,5} and {2,3,6,7}; and 2 port groups are ports {0,4}, {1,5}, {2,6}, and {3,7}.
[bookmark: _Toc142662280]Note: While port groups are the same as for fully- or partially-coherent transmission, antenna ports are combined non-coherently.

Rel-16 UL FPTx supports both partially and non-coherent UEs, and so the agreement to support Rel-16 UL FPTx implies 8 Tx should also support partially coherent transmission. As discussed above, this is consistent with the agreement to not support codebook subsets as long Mode 1 operates on the subset of ports that are non-coherent. Partially coherent UEs apply Rel-15 coherent precoders within port groups and combine the port groups non-coherently by transmitting the groups on different layers according to layer splits. When there are enough layers, all ports in the UE are active, and full power is reached, which means that Mode 1 is only needed when the rank is low enough such that a subset of groups are active. For the case of , full power can be reached for all ranks except 1, and so a new layer split is needed only for rank 1, as shown in the table below.
Table 5  Layer Splits for  UL FPTx Mode 1 codebook
	
	All layers in one Antenna Group
	Layers split across 2 Antenna Groups

	1
	(0,1), (1,0)
	(1,1)* (see note)

	2
	(0,2), (2,0)
	· 

	2
	· 
	(1,1)

	3
	(0,3), (3,0)
	· 

	3
	· 
	(1,2), (2,1)

	4
	(0,4), (4,0)
	· 

	4
	· 
	(2,2)

	5
	· 
	(2,3)

	6
	· 
	(3,3)

	7
	· 
	(3,4)

	8
	· 
	(4,4)


*Note: only used with UL FPTx Mode 1; the same layer is on both groups.
It is possible to independently select the coherent precoders for each group and then to transmit the combined signal for each group non-coherently from the other group. This is quite similar to rank 2 transmission with layers split across two groups, since the layers are independent and each is transmitted from one group. As can be seen in Table 7, 16 and 72 precoders can be used for rank 1 and 2 transmission, respectively, and if the ‘pruned’ codebooks are used with the simplest version of layer splits (without (3,2) and (4,3)) are used, the total number of precoders is 196. Since 64 precoders are used for rank 2 transmission on two antenna groups, if these rank 2 precoders are reused for Mode 1, the total number of precoders for up to rank 8 would be 196 + 64 = 260, which does not quite allow 8 bit TRI/TPMI. Therefore, in order to reach 8 bit TRI/TPMI, some further reduction of precoders is needed.
One way to reduce the codebook size would be to remove the group selection precoders for rank 1, which would save 16 precoders, resulting in 260 – 16 = 244 precoders for the simplest layer split above. Similarly, if the (3,2) or (3,2) + (4,3) layer split is allowed for rank 5 or ranks 5 + 7, there would be 252 and 256 precoders in the table, also (just) within 8 bits. However, eliminating the group selection precoders for rank 1 could significantly impact the performance in 2 panel implementations using directional antennas, so alternative ways to reduce the codebook size should be considered. Another way to reduce the codebook size would be to subsample the rank 2 code book such that four precoders are used per group resulting in 4 x 4 = 16 (instead of 8 x 8 = 64) precoders. In this case for the simplest layer split, there would be 196 + 16 = 212 precoders, while including the (3+2) or (3,2) + (4,3) layer splits would result 220 or 224 precoders, all of which are well within 8 bits. As can be seen in the results below, using 16 rank 1 precoders for the single panel case does not significantly reduce performance, and so we think this approach should be used.
Based on the above discussion, in the following, the performance of the full power Mode 1 8 Tx PC precoders is evaluated for rank 1 and . Three cases are considered, i) the non-full power 8 TX PC precoders with Rel-15 power-scaling (PS), ii) the non-full power 8 TX PC precoders with Rel-16 Mode 0 PS, and iii) the non-full power 8 TX PC precoders (with Rel-15 PS) along with the full power Mode 1 8 Tx PC precoders (Rel-16 Mode 1 PS). Note that the non-full power 8 Tx PC precoders evaluated here is without (3, 2) and (4, 3) layer splits for rank 5 and 7, respectively, and with  for NR UL Rel-15 4 Tx precoders, giving a total of 196 precoder candidates including 16 candidates for rank 1. For the full power Mode 1 8 Tx PC precoders, a subset of rank 2 precoders are selected to be included for the rank 1 transmission, such that each antenna group has two beams with bpsk co-phasing between the polarizations. Accordingly, the possible 4-Tx precoders per antenna group (with 2 ports per polarization and one layer per antenna group) is given by , which forms the same beams from both the polarization in  and   from the boresight while co-phasing the antenna ports across polarization with  and . Based on the above, the full power Mode 1 8 Tx PC precoders can be designed by having any of the above 4 rank-1 precoders across both the antenna groups, giving 16 possible precoders, given in Table 8 (following the agreed port numbering convention). This gives a total of 212 precoder candidates (196 non-full power PC precoders + 16 full power rank 1 PC precoders) including 32 rank 1 precoder candidates for Rel-16 Mode 1 PS. 
In Figure 7 and Figure 8, the performance of the PC designs with different PSs is illustrated for rank 1 and the “indoor FWA” scenario, where the two antenna groups are arranged as two 4 Tx arrays pointing in the same direction (two 1 x 2 dual polarized ULA panels pointing in same direction) and in opposite directions (back-to-back 1 x 2 dual polarized ULA panels), respectively. Note that rank 1 is evaluated to approximate the low SINR regime, which is expected to gain from the full power transmission. From Figure 7, it can be observed when the antenna groups are co-boresighted, there is a significant gain over the Rel-15 PS by adding the full power Mode 1 precoders, especially at the cell-edge. This can be attributed to the fact that the full power Mode 1 precoders allow the UEs to operate with full power at the low SINR limited regime, in contrast to the Rel-15 PS. On the other hand, from Figure 8, it can be observed when the antenna groups are arranged as back-to-back panels, there is a minimal gain by adding the full power Mode 1 precoders. This can be due to the antenna configuration of the UEs, where an antenna group may be oriented in the orthogonal direction from the optimal direction having a stronger channel to the gNB. Accordingly, transmitting the layer with non-zero power from ports of this antenna group does not contribute much to the performance, while possibly increasing the inter-cell interference. 
[image: ] [image: ]
[bookmark: _Ref142558205]Figure 7	Mean and cell-edge user UL throughout versus served traffic, comparing PC codebook designs with different power scaling (PS), i.e., Rel-15 PS, Rel-16 Mode 0 PS, and Rel-16 Mode 1 PS, in the “indoor FWA” scenario for rank 1 and . Here, the bandwidth is set to 100 MHz and with an ULA divided into two groups (two 1 x 2 ULA panels with dual polarized isotropic antennas pointing in same direction) deployed at the UEs. The remaining SLS parameters are collected in Table 11 in the Appendix.
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[bookmark: _Ref142558213]Figure 8	Mean and cell-edge user UL throughout versus served traffic, comparing PC codebook designs with different power scaling (PS), i.e., Rel-15 PS, Rel-16 Mode 0 PS, and Rel-16 Mode 1 PS, in the “indoor FWA” scenario for rank 1 and . Here, the bandwidth is set to 100 MHz and with two back-to-back panels (two 1 x 2 ULA panels with dual polarized directional antennas pointing in opposite direction) deployed at the UEs. The remaining SLS parameters are collected in Table 11 in the Appendix.

UL FPTx Mode 1 with  partially coherent precoding can be implemented for rank 1 by using rank 2 precoders to non-coherently combine within 1 layer, rather than over 2 layers. The new precoders imply one new layer split.
[bookmark: _Toc142662281]16 rank 1 precoders are specified for UL FPTX Mode 1 with  partially coherent precoding, where one layer is carried by two groups and the precoding combines ports in different groups non-coherently. The (‘non-Mode 1’)  rank 1 precoders where one group is selected are also supported when the UE is configured for UL FPTX Mode 1.
For, ranks 1-3 transmit on a subset of ports with the current layer splits, and so 3 new layer splits are needed to combine all ports with Mode 1. For rank 1, a single layer is carried on all 4 groups, while for rank 2 each layer is carried on different group pairs (i.e. groups 1 and 2 on the first layer and groups 3 and 4 on the second layer). In order to have a nearly equal port distribution among layers for rank 3, the number of ports per layer should be 3, 3, and 2 for layers 1, 2, and 3, respectively. This means that the first two layers contain two ports from one group as well one other port from a group that is shared among the two layers. This requires that one group be split among two different layers, which would change which ports are mutually coherent. Therefore, a 3/3/2 port split is not in line with the agreement that precludes UEs being configured with different values of. On the other hand, if an unequal port distribution of 4/2/2 is used, one port group pair carries a first layer, while the second and third groups are carried by one port each. In this way, all pairs of elements are coherent, there are still 4 groups of coherent elements, and therefore the precoders can be in line with the agreement on  configuration.
Similar to , higher rank precoders can be used to combine groups non-coherently for lower ranks. If the rank 4 precoders spread across four antenna groups, i.e., layer split of (1,1,1,1), is used i) for rank 1, the combined signal from all 4 groups is combined non-coherently, ii) for rank 2, two pairs of groups are non-coherently combined, and iii) for rank 3, two groups are combined only for one layer, while the other two groups each carry a layer, making all 8 ports active in each case. Accordingly, in the following, the performance of the full power Mode 1 8 Tx PC precoders is evaluated for . Three cases are considered, i) the non-full power 8 TX PC precoders with Rel-15 power-scaling (PS), ii) the non-full power 8 TX PC precoders with Rel-16 Mode 0 PS, and iii) the non-full power 8 TX PC precoders (with Rel-15 PS) along with the full power Mode 1 8 Tx PC precoders (Rel-16 Mode 1 PS). Note that the non-full power 8 Tx PC precoders evaluated here is with the agreed layer splits with pruning Alt b, as described in Section 2.1.1.2, giving a total of 123 precoder candidates including 8, 28 and 44 candidates for rank 1, 2 and 3, respectively. For the full power Mode 1 8 Tx PC precoders, a subset of rank 4 precoders with layer split of (1,1,1,1) are selected to be included for the rank 1, 2 and 3 transmissions, such that each antenna group has two possible 2-Tx precoders with BPSK co-phasing between the polarizations. Accordingly, the possible 2-Tx precoders per antenna group (with 1 port per polarization and one layer per antenna group) is given by , which co-phase the antenna ports (within an antenna group) across polarization with  and  , respectively. Based on the above, the 8-Tx PC full-power precoders can be designed, such that 
· For rank 1, the layer is transmitted from all the four non-coherent antenna groups, with each group having two possible 2-Tx rank-1 precoders, thereby giving 16 possible 8-Tx full power Mode 1 precoders, as shown in Table 9. 
· For rank 2, the two layers are transmitted from all the four non-coherent antenna groups, such that each layer is transmitted over a pair of antenna groups. In other words, the first layer is transmitted over antenna group 1 and 2, while the second layer is transmitted over antenna group 3 and 4. Since, each group can have two possible 2-Tx rank-1 precoders, there are 16 possible 8-Tx full power Mode 1 rank 2 precoders, as shown in Table 9.
· For rank 3, the three layers are transmitted from all the four non-coherent antenna groups, such that the first layer is transmitted over a pair of antenna groups, whereas the second and third layers are transmitted over one antenna group each. In other words, the first layer is transmitted over antenna group 1 and 2, while the second and third layers are transmitted over antenna group 3 and 4, respectively. Since, each group can have two possible 2-Tx rank-1 precoders, there are 16 possible 8-Tx full power Mode 1 rank 3 precoders, as shown in Table 9.
This gives a total 48 full power Mode 1 precoders, with 16 full power precoders for each of rank 1, 2 and 3.   Since 123 are needed without mode one, adding 48 precoders would increase the codebook size beyond 7 bits. There are 8 rank 3 precoders for each layer split that goes across 3 groups, which totals 4 * 8 = 32 precoders. These can be removed from the codebook, since the new Mode 1 precoders cover 4 antenna groups, and the layers split over two antenna groups can be kept (since they only use 12 precoders). The rank 2 layer splits can be pruned by removing (1,0,1,0) and (0,1,0,1), since these would point in opposite directions in a 4 panel array pointing in four different directions, and so would be less likely to be selected. This would reduce the number of needed precoders by 8. Then the total number needed is 123 + (48 – 32 - 2 * 4) = 131, which almost fits into 7 bits. If we also eliminate (1,0,0,1) (or any other one of the remaining cases where 2 layers are split across 2 groups), then the total number is 123 + (48 – 32 - 3 * 4) = 127, which just fits into 7 bits. Accordingly, the layer split for the full power Mode 1 transmission for , can be given by Table 6. Alternatively, we could remove all the layers split across 2 groups, in which case there would be 123 + (48 – 32 – 6 * 4) = 115, which more easily fits into 7 bits [at the cost of some performance].

[bookmark: _Ref142560644]Table 6	Layer Splits for  UL FPTx Mode 1 codebook
	
	All layers in one Antenna Group
	Layers split across 2 Antenna Groups
	Layers split across 3 Antenna Groups
	Layers split across 4 Antenna Groups

	1
	(1,0,0,0), (0,1,0,0), (0,0,1,0), (0,0,0,1)
	· 
	· 
	(1,1,1,1)

	2
	(2,0,0,0), (0,2,0,0), (0,0,2,0), (0,0,0,2)
	· 
	· 
	(1,1,1,1)

	2
	· 
	(1,1,0,0), (1,0,1,0), (1,0,0,1), (0,1,1,0),
(0,1,0,1), (0,0,1,1)
	· 
	· 

	3
	· 
	(2,1,0,0), (2,0,1,0), (2,0,0,1), (0,2,1,0), (0,2,0,1), (0,0,2,1)
	· 
	· 

	3
	· 
	· 
	(1,1,1,0), (1,1,0,1), (1,0,1,1), (0,1,1,1)
	(1,1,1,1)

	4
	· 
	(2,2,0,0), (2,0,2,0), (2,0,0,2)
(0,2,2,0), (0,2,0,2), (0,0,2,2)
	
	(1,1,1,1)

	5
	· 
	
	(2,0,2,1), (0,2,2,1)
	(1,1,2,1)

	6
	· 
	· 
	(2,2,2,0), (2,0,2,2)
	(2,1,2,1)

	7
	
	
	
	(2,1,2,2)

	8
	
	
	
	(2,2,2,2)


In Figure 9 and Figure 10, the performance of the PC designs with different PSs is illustrated for rank 1 and the “indoor FWA” scenario, where four antenna groups are arranged as ULA with four dual polarized antenna ports pointing in the same direction and as four dual polarized antenna ports pointing in four different directions, respectively. Note that rank 1 is evaluated to approximate the low SINR regime, which is expected to gain from the full power transmission. From Figure 9, it can be observed when the antenna groups are co-boresighted, there is a significant gain over the Rel-15 PS by adding the full power Mode 1 precoders, especially at the cell-edge. This can be attributed to the fact that the full power Mode 1 precoders allow the UEs to operate with full power at the low SINR limited regime, in contrast to the Rel-15 PS. On the other hand, from Figure 10, it can be observed when the antenna groups are arranged to point in four different directions, the gain by adding the full power Mode 1 precoders is reduced. This can be due to the antenna configuration of the UEs, where one or more antenna groups may be oriented in the orthogonal direction from the optimal direction having a stronger channel to the gNB. Accordingly, transmitting the layer with non-zero power from ports of these antenna group(s) does not contribute to the performance, while possibly increasing the inter-cell interference. 
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[bookmark: _Ref142560690]Figure 9	Mean and cell-edge user UL throughout versus served traffic, comparing PC codebook designs with different power scaling (PS), i.e., Rel-15 PS, Rel-16 Mode 0 PS, and Rel-16 Mode 1 PS, in the “indoor FWA” scenario for rank 1 and . Here, the bandwidth is set to 100 MHz with transmit power of 23 dBm and , where four dual-polarized isotropic antennas arranged as an ULA and pointing in the same directions is deployed at the UEs. The remaining SLS parameters are collected in Table 11 in the Appendix. 
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[bookmark: _Ref142560700]Figure 10 	Mean and cell-edge user UL throughout versus served traffic, comparing PC codebook designs with different power scaling (PS), i.e., Rel-15 PS, Rel-16 Mode 0 PS, and Rel-16 Mode 1 PS, in the “indoor FWA” scenario for rank 1 and . Here, the bandwidth is set to 100 MHz with transmit power of 23 dBm and , where four dual-polarized directional antennas pointing in four different directions is deployed at the UEs. The remaining SLS parameters are collected in Table 11 in the Appendix.
Next, the advantage of addition of full power precoders to rank 1-3 for the case of  is evaluated. Accordingly, in Figure 11 and Figure 12, the performance of the PC designs with different PSs is illustrated for rank 1-4 and the “outdoor FWA” scenario with 1500 m ISD, where four antenna groups are arranged as ULA with four dual polarized antenna ports pointing in the same direction and as four dual polarized antenna ports pointing in four different directions, respectively. Note that the 1500 m ISD is considered to make the scenario heavily range limited, resulting in a low SINR regime, which results in lower ranks dominating the transmission, where the gains from the full power transmission is expected to be seen. From Figure 11, it can be observed when the antenna groups are co-boresighted, there is a significant gain over the Rel-15 PS by adding the full power Mode 1 precoders, especially at the cell-edge. This can be attributed to the fact that the full power Mode 1 precoders allow the UEs to operate with full power at the low SINR limited regime, in contrast to the Rel-15 PS. On the other hand, from Figure 12, it can be observed when the antenna groups are arranged to point in four different directions, the gain by adding the full power Mode 1 precoders is reduced. This can be due to the antenna configuration of the UEs, where one or more antenna groups may be oriented in the orthogonal direction from the optimal direction having a stronger channel to the gNB. Accordingly, transmitting one or more layers with non-zero power from ports of these antenna group(s) does not contribute to the performance, while possibly increasing the inter-cell interference.
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[bookmark: _Ref142561171]Figure 11	Mean and cell-edge user UL throughout versus served traffic, comparing PC codebook designs with different power scaling (PS), i.e., Rel-15 PS, Rel-16 Mode 0 PS, and Rel-16 Mode 1 PS, in the “outdoor FWA” scenario with 1500 m ISD for rank 1-4 and . Here, the bandwidth is set to 100 MHz with transmit power of 23 dBm and , where four dual-polarized directional antennas arranged as an ULA and pointing in the same directions is deployed at the UEs. The remaining SLS parameters are collected in Table 10 in the Appendix.
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[bookmark: _Ref142561180]Figure 12	Mean and cell-edge user UL throughout versus served traffic, comparing PC codebook designs with different power scaling (PS), i.e., Rel-15 PS, Rel-16 Mode 0 PS, and Rel-16 Mode 1 PS, in the “outdoor FWA” scenario with 1500 m ISD for rank 1-4 and . Here, the bandwidth is set to 100 MHz with transmit power of 23 dBm and , where four dual-polarized directional antennas pointing in four different directions is deployed at the UEs. The remaining SLS parameters are collected in Table 10 in the Appendix. 
48 new precoders, 16 for each of ranks 1-3, are needed to support UL FPTx Mode 1 with  partially coherent precoding. The new precoders imply three new layer splits (one for each rank).
127 precoders are needed for Mode 1 with up to rank 8 transmission with  rank 2 and rank 3 layer splits are pruned by removing {(1,1,1,0), (1,1,0,1), (1,0,1,1), (0,1,1,1)} for rank 3 and {(1,0,1,0), (0,1,0,1), (1, 0, 0, 1)} for rank 2.
[bookmark: _Toc142662282]Precoders with 4 active groups (that is, layers splits (1,1,1,1)) are specified for rank 1, 2, and 3 precoders for UL FPTX Mode 1 with partially coherent precoding.
[bookmark: _Toc142662283]An  codebook used with UL FPTx Mode 1 configured does not contain precoders for rank 2 and rank 3 that correspond to layer splits {(1,1,1,0), (1,1,0,1), (1,0,1,1), (0,1,1,1)} for rank 3 and {(1,0,1,0), (0,1,0,1), (1, 0, 0, 1)} for rank 2
[bookmark: _Toc142662284]7 bits TPMI/TRI is used for the  codebook for UL FPTx Mode 1 
Full power Modes 0 and 2
According to the agreements above from RAN1#111, PA powers per Tx chain to be studied with higher priority while designing full power modes for power class 3 are: [23 23 23 23 23 23 23 23 23], [23 14 14 14 14 14 14 14 14], and [14 14 14 14 14 14 14 14 14]. These allow each of the full power modes to be supported for power class 3, since each full power mode corresponds to at least one of the PA configurations. Full power Mode 0 is straightforwardly supported by [23 23 23 23 23 23 23 23 23], since all PAs are at the full rated power. The combined power of the [14 14 14 14 14 14 14 14 14] configuration is 23 dBm, and so Mode 1 is supported by this configuration, as well as the [23 14 14 14 14 14 14 14 14] configuration. Since there is one full power PA in [23 14 14 14 14 14 14 14 14], a full power TPMI can be indicated selecting the first port for Mode 2. Since Mode 2 with multiple SRS resources operates transparently to the gNB either combines the power of ports by virtualization, or by selecting ports, it is supported by the [14 14 14 14 14 14 14 14 14] as well as the [23 14 14 14 14 14 14 14 14] PA configurations.  
The Rel-16 full power configurations are excessively complex in hindsight and reflected in companies’ hesitance to identify more PA configurations than these for Rel-18 UL FPTx operation. Therefore, it seems best for Rel-18 to focus on a minimalistic framework that can be expanded to more configurations according to commercial need. It seems sufficient therefore to identify one full power TPMI per each rank 1-8 for the version of Mode 2 with full power TPMIs. For the [14 14 14 14 14 14 14 14 14] configuration, SRS resource sets with any or all of 1, 2, 4, and 8 SRS resources can be supported by UEs that virtualize all ports, while an SRS resource set with 1 and 8 ports could be supported by UEs that use selection with the [23 14 14 14 14 14 14 14 14] PA configuration.
The over-design of Rel-16 seems to be avoidable given the minimal number of PA configurations agreed for Rel-18, and this should be exploited to construct a minimalistic design that can be extended as new commercial needs are identified.
Full power Mode 0 is straightforwardly supported by [0 0 0 0 0 0 0 0] dBm PAs relative to the UE’s power class, since all PAs are at the full rated power.
[bookmark: _Toc142660985][bookmark: _Toc142662285]Full power Mode 2 with full power TPMIs can be configured with at most one TPMI per each of ranks 1-8.
[bookmark: _Toc142662286][bookmark: _Toc134819167][bookmark: _Toc135014892][bookmark: _Toc134819168][bookmark: _Toc135014893][bookmark: _Toc134819169][bookmark: _Toc135014894][bookmark: _Toc134819170][bookmark: _Toc135014895][bookmark: _Toc134819171][bookmark: _Toc135014896]Full power Mode 2 with multiple SRS resources can be configured with one or more of 1, 2, 4, or 8 SRS port resources in an SRS resource set.
Coherence and antenna group definition
Although coherence is a fundamental property of UE MIMO transmission, it is difficult to identify which ports are coherent based on current specifications once full power Mode 1 is considered. The Rel-15 partially and non-coherent codebooks are sparse, and so it is clear that the non-zero ports should be transmitted with controlled relative phase. However, the Mode 1 precoders all have unit modulus elements, and so other means must be used to establish which ports phase needs to be controlled over. The non-coherent and partially coherent codebook subsets from the Rel-15 MIMO codebooks were extended to include precoders used for Mode 1 transmission, and still labeled as non-coherent and partially coherent. Unfortunately, which ports are coherent in partially coherent operation are not explicitly identified, and so implementers must determine this from inspection of the complete codebook. Certain pairs of the codebook are always non-zero, and so these can be identified as having coherence. However, RAN1 reached the following agreement from RAN1#113 that precludes codebook subsets. Consequently, it does not seem possible to identify which ports are coherent for a partially coherent UE based on Rel-16 approaches.
Agreement
For an 8TX UE, Option 1 is supported,
· Option 1 – Subject to its capability, an 8TX UE may report more than one Ng value, based on which, gNB may RRC configure UE with a codebook corresponding to only one of the supported Ng values.

We also note that the 38.211 editor has the comment in the draft 38.211 CR introducing MIMO:
‘antenna group’ needs to be defined somehow; using Ng is basically the same thing (and is equally undefined in 211). Linking it to an RRC parameter seems difficult as there is no notion of codebook subsets, hence identifying coherence from the current RRC parameters seems difficult.
As raised by the editor in 38.211 drafting discussions, given the lack of codebook coherence subsets in Rel-18, it does not seem possible to identify which 8 Tx ports are mutually coherent during partially coherent transmission.  
Antenna port groups are clearly defined by agreements. For partially coherent cases we have the following agreement, while the fully-coherent () and non-coherent () groups coherence are self-evident.
Agreement
For codebook design of an 8TX partial-coherent UE, configured with an 8-port SRS resource
· For when Ng=2, following convention for assumption of port coherency scheme is used
· Alt 2: two coherent groups of {0,1,4,5} and {2,3,6,7}
· For when Ng=4, following convention for assumption of port coherency scheme is used
· Alt 1: four coherent groups of {0,4}, {1,5}, {2,6}, and {3,7}

Since port groups are defined, one simple way to define coherence is the following:
A UE is expected to maintain relative phase among ports in the same port group, but not among ports in different port groups.
However, RAN1 have historically resisted similar proposals to specify coherence (or its lack) among ports.  If RAN1 spec support defining coherence is not acceptable, a (less desirable) alternative could be to define the behavior by RAN4 relative phase requirements.  From a UE implementation perspective, this might have the merit of being a less strict definition of coherence, since UEs would only be required to maintain a certain amount of relative phase among antenna ports, rather than following a strict transmission procedure according to RAN1 specifications.  On the other hand, because it is less strict, the behavior may not be as clear, and would anyway not be available until RAN4 requirements are set for the port group configuration.
Defining which ports are mutually coherent for partially coherent operation should be straightforward, but has not been agreed in prior RAN1 discussions.  A less desirable, but feasible, alternative could be to rely on RAN4 relative phase requirements.
[bookmark: _Toc142662287]As a first preference, define which ports of port groups are mutually coherent in RAN1 specifications.  If this is not agreeable, conclude that RAN1 assumes that RAN4 will define relative phase requirements within port groups for partially coherent operation, and so no RAN1 specification of port group coherence is needed for 8 Tx.
[bookmark: _Toc131696611][bookmark: _Toc131766457][bookmark: _Toc131696612][bookmark: _Toc131766458][bookmark: _Toc131696613][bookmark: _Toc131766459][bookmark: _Toc131696614][bookmark: _Toc131766460][bookmark: _Toc131766462]2.2 TPMI/TRI indication
	Agreement
For partially coherent 8TX precoding with Ng =2, the precoder is based on up to two full-coherent 4TX precoders. Down-select one of the following options for precoder indication,
· Option 3 – Up to two 4TX TPMIs are indicated,
· When two TMPIs are indicated, the first is applied on one of antenna group, and the second is applied on the other antenna group,
· FFS : details of TPMI indication when one antenna group is used
· Option 4 – A single 8TX TPMI is indicated
· Other options are not precluded



For Option 3, our understanding of the motivation is to directly reuse 4 Tx TPMIs as much as possible, with the logic being that there will be significant spec effort if new tables of precoders are developed rather than indicating the TPMIs and reusing the Rel-15 TPMI tables. We do not see this really as an issue: we need to identify which precoder and layer splitting combinations are supported regardless of how the precoders are signaled. One way outcome could be that all combinations are supported, in which case a two TPMI indication could be useful. However, if subsets of the TPMIs are indicated, this may require a single TPMI field. If the subsets are supported to allow lower TPMI overhead, then we need to agree what those subsets are. If we can make such agreements, we think that the editor will be able to capture them in the specifications. This has already been shown by how the non-coherent and fully coherent precoders have been specified: the 255 precoder codebook for non-coherent operation was captured by a small table, while the fully coherent codebooks (120 and 127 precoders respectively) were captured directly. Similar approach was used for the non-codebook SRI indication in 38.212, which resulted in small tables
Precoder table indication size does not seem to be an appropriate motivation for separate TPMI indication: RAN1 is able to decide codebook size and structure, and the editor should be able to capture these agreements. Table sizes are already managed in the RAN1 specifications by indicating patterns, and multi-page tables already exist in the RAN1 specs.
[bookmark: _Toc142662288]Focus RAN1 discussions on precoder structure and codebook size rather than how to signal TPMIs for as yet undefined codebooks.
Regarding the number of TPMIs in Option 3, it was discussed in RAN1#112bis whether both fields are always present or not. In our understanding, the benefit of transmitting only one TPMI field would be overhead reduction by halving the TPMI field size. But whether such savings is feasible is unclear: the DCI field size would need to change dynamically (which seems difficult for a single PDCCH), or two PDCCHs would be used (which would only increase overhead and PDCCH decoding complexity), or the unused bits from the TPMI indication would need to be used by other bits needed for UL MIMO operation (which seems at best complicated, and unclear how this could be accomplished).  
When two TPMIs are indicated for option 3, each TPMI is applied to a group, producing a set of layers that is independent from the other group. Our expectation is that when one TPMI is indicated it is applied to one group. In order to apply to two groups, different layers of a single 4 port TPMI would need to map to different ports of an 8 port SRS resource. This behavior then seems redundant with transmitting on two groups with two TPMIs as well. Then given that one TPMI is applied to one group, the single TPMI indication corresponds to selecting one of the two groups for transmission. This operation is consistent with the agreement to support group selection precoders, and so for further discussion of Option 3, it should be clarified that if one TPMI is indicated, the TPMI applies to one of the antenna groups.
Using two TPMI fields maximizes the DCI field size, since each must be signaled independently. If a single TPMI is indicated, unneeded combinations of TPMIs can be excluded. For example, for, when the layer split is such that only one antenna group transmits all the layer for , one TPMI field will be left unused. Further, while using 2 TPMI fields for will always require 10 bits, 9 bits will be required with the combined TPMI if maxRank in pusch-config is configured to 2, when using the layer split agreed in RAN#113. Similarly, when the PC candidates are pruned such that  is restricted to 1 for Rel-15 4 Tx PC precoders, while 2 TPMI fields for will always require 8 bits, 7 bits will be required for the combined TPMI if maxRank in pusch-config is configured to 2. Furthermore, using two TPMI fields for  partial coherent operation would be different from the fully coherent case, where one TPMI must be used, and using 4 TPMIs for the case would likely be even more inefficient in terms of increased codebook size and DCI overhead.
Constraining 8 Tx to carry two TPMIs can double DCI overhead than a single TPMI alternative, and mitigating this extra overhead by dynamically switching to a single TPMI may not be feasible. Constructing a codebook combining two TPMIs to a single TPMI field can e.g. halve the codebook size, further reducing the TPMI overhead.
Using two TPMIs only for the  partial coherent case would be inconsistent with fully- and non-coherent operation with one TPMI, and probably with one TPMI in the  partial coherent case.
The single TPMI case for Option 3 should be clarified.
When a single TPMI field is used, it must address all ports in the SRS resource. Since all ports are used, any combination and any subset of them can be used by a precoder, and any port or combination of ports can be mapped to any layer. This allows maximum flexibility in the codebook design, including the ability to use any combination of coherence among the ports and/or directional antennas, as well as the ability to minimize overhead using this.
A single TPMI field allows the any set or subset of ports to be combined, supporting any level of coherence among the port, and further allows any mapping of ports to layers, whereas multiple TPMI fields constrain these combinations, coherence levels, and mappings, as well as typically increasing the number of precoders.
[bookmark: _Toc134819176][bookmark: _Toc135014901][bookmark: _Toc134819177][bookmark: _Toc135014902][bookmark: _Toc134819178][bookmark: _Toc135014903][bookmark: _Toc134819179][bookmark: _Toc135014904][bookmark: _Toc134819180][bookmark: _Toc135014905][bookmark: _Toc134819181][bookmark: _Toc135014906][bookmark: _Toc131766465][bookmark: _Toc142662289][bookmark: _Toc115440543][bookmark: _Toc115440580][bookmark: _Toc115440544][bookmark: _Toc115440581][bookmark: _Toc115440545][bookmark: _Toc115440582][bookmark: _Toc115440546][bookmark: _Toc115440583][bookmark: _Toc115440547][bookmark: _Toc115440584][bookmark: _Toc115440548][bookmark: _Toc115440585][bookmark: _Toc115440549][bookmark: _Toc115440586][bookmark: _Toc115440550][bookmark: _Toc115440587][bookmark: _Toc115440551][bookmark: _Toc115440588][bookmark: _Toc115440552][bookmark: _Toc115440589][bookmark: _Toc115440553][bookmark: _Toc115440590][bookmark: _Toc115440554][bookmark: _Toc115440591][bookmark: _Toc115440555][bookmark: _Toc115440592][bookmark: _Toc111199531][bookmark: _Toc111200618][bookmark: _Toc111234149][bookmark: _Toc111234349][bookmark: _Toc111216445][bookmark: _Toc115259046][bookmark: _Toc115440556][bookmark: _Toc115440593][bookmark: _Toc111199532][bookmark: _Toc111200619][bookmark: _Toc111234150][bookmark: _Toc111234350][bookmark: _Toc111216446][bookmark: _Toc115259047][bookmark: _Toc115440557][bookmark: _Toc115440594][bookmark: _Toc111199533][bookmark: _Toc111200620][bookmark: _Toc111234151][bookmark: _Toc111234351][bookmark: _Toc111216447][bookmark: _Toc115259048][bookmark: _Toc115440558][bookmark: _Toc115440595][bookmark: _Toc111199534][bookmark: _Toc111200621][bookmark: _Toc111234152][bookmark: _Toc111234352][bookmark: _Toc111216448][bookmark: _Toc115259049][bookmark: _Toc115440559][bookmark: _Toc115440596][bookmark: _Toc111199535][bookmark: _Toc111200622][bookmark: _Toc111234153][bookmark: _Toc111234353][bookmark: _Toc111216449][bookmark: _Toc115259050][bookmark: _Toc115440560][bookmark: _Toc115440597]A PDCCH carries a single TPMI/TRI field for 8 Tx operation, where the indicated precoder corresponds to one SRS resource.
[bookmark: _Hlk61857909]3 	Conclusion
In this contribution, we have considered the design of various mechanisms to support 8 Tx UL MIMO operation. For partially-coherent precoder designs with two and four antenna groups, the layer distribution across the groups were studied in terms of performance and DCI signaling overhead. Further, the design of reduced number partially-coherent precoders were discussed to bring down the signaling overhead without performance degradation. The precoder design for the full power modes were discussed for both the non- and partially-coherent UEs. The need for mechanisms to identify coherence among ports was addressed next.  Finally, TPMI/TRI indication for codebook based transmission were considered.
Based on the discussion, we made the following proposals:
Proposal 1	Limit the TPMI/TRI overhead to 8 bits for UL 8 Tx PC codebooks with , by restricting the oversampling factor to for the 4 Tx FC precoders used to construct the 8 Tx PC precoders.
Proposal 2	Limit the TPMI/TRI overhead to 7 bits for UL 8 Tx PC codebooks with , by restricting the co-phasing factors to between the antenna ports of 2 Tx FC precoders used to construct the 8 Tx PC precoders.
Proposal 3	A codebook for use only with UL FPTx Mode 1 is designed based on non-coherently combining within port groups and selecting combinations of these groups, such that the number of ports per layer is nearly equal and the total number of ports occupied by a precoding matrix is less than or equal to 8 ports. The antenna port groups are equally sized, and have 2, 4, or 8 ports per group.
Proposal 4	The TPMI/TRI field for the UL FPTx Mode 1 8 Tx codebook uses 5 bits for up to 8 layers.
Proposal 5	The NC Mode 1 codebook uses group selection of all possible combinations of port groups containing 2, 4, or 8 ports, with near-equal number of ports per layer, and striving for one group per layer, such that
· A group is either fully occupied or not occupied.
· For a transmission, the maximum number of ports per layer can be at most one greater than the minimum number of ports per layer.
· For each of ranks 1-4, group selection is over groups containing 2, 4, and/or 8 ports.
· Ranks {1,2,3,4} use {7,7,5,1} precoders with {{1,2,4}, {2,4}, {3,4}, or {4}} groups per precoder.
· For each of ranks 5-8, group selection is over groups containing 2 ports.
· Ranks {5,6,7,8} use {5,5,1,1} precoders with {{3,4}, {3,4}, {4}, or {4}} groups per precoder.
· 8 port group used are ports {0,1,2,3,4,5,6,7}; 4 port groups used are ports {0,1,4,5} and {2,3,6,7}; and 2 port groups are ports {0,4}, {1,5}, {2,6}, and {3,7}.
Note: While port groups are the same as for fully- or partially-coherent transmission, antenna ports are combined non-coherently.
Proposal 6	16 rank 1 precoders are specified for UL FPTX Mode 1 with  partially coherent precoding, where one layer is carried by two groups and the precoding combines ports in different groups non-coherently. The (‘non-Mode 1’)  rank 1 precoders where one group is selected are also supported when the UE is configured for UL FPTX Mode 1.
Proposal 7	Precoders with 4 active groups (that is, layers splits (1,1,1,1)) are specified for rank 1, 2, and 3 precoders for UL FPTX Mode 1 with partially coherent precoding.
Proposal 8	An  codebook used with UL FPTx Mode 1 configured does not contain precoders for rank 2 and rank 3 that correspond to layer splits {(1,1,1,0), (1,1,0,1), (1,0,1,1), (0,1,1,1)} for rank 3 and {(1,0,1,0), (0,1,0,1), (1, 0, 0, 1)} for rank 2
Proposal 9	7 bits TPMI/TRI is used for the  codebook for UL FPTx Mode 1
Proposal 10	Full power Mode 2 with full power TPMIs can be configured with at most one TPMI per each of ranks 1-8.
Proposal 11	Full power Mode 2 with multiple SRS resources can be configured with one or more of 1, 2, 4, or 8 SRS port resources in an SRS resource set.
Proposal 12	As a first preference, define which ports of port groups are mutually coherent in RAN1 specifications.  If this is not agreeable, conclude that RAN1 assumes that RAN4 will define relative phase requirements within port groups for partially coherent operation, and so no RAN1 specification of port group coherence is needed for 8 Tx.
Proposal 13	Focus RAN1 discussions on precoder structure and codebook size rather than how to signal TPMIs for as yet undefined codebooks.
Proposal 14	A PDCCH carries a single TPMI/TRI field for 8 Tx operation, where the indicated precoder corresponds to one SRS resource.
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[bookmark: _Ref142558172]Table 8	 PC full power Mode 1 precoder candidates for rank 1 and 
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[bookmark: _Ref142560251]Table 9   PC full power Mode 1 precoder candidates for rank 1-3 and 

	Rank
	PC full power Mode 1 precoder candidates for 

	1
	


	2
	



	3
	










Below, we have collected simulation parameters for the “outdoor FWA” scenario. Unless otherwise explicitly stated, these are the parameters used for all above evaluations for the “outdoor FWA” scenario. 
[bookmark: _Ref142485589][bookmark: _Ref134786583][bookmark: _Ref111189812]Table 10	Parameters for SLS simulations for “outdoor FWA” scenario
	 System-level simulation parameters

	Metric
	UL mean and cell-edge user throughput

	Scheduler
	Proportional Fair

	Traffic model
	FTP Model 1

	ISD
	500 m

	Number of sites
	7

	Number of UEs
	10000

	UE distribution
	100% Outdoor

	Handover margin
	3 dB

	Carrier frequency
	3.5 GHz 

	Bandwidth
	100 MHz 

	Subcarrier spacing
	30 kHz

	Channel model
	UMa (according to TR 38.901)

	Packet size
	500 kB

	MIMO scheme
	SU-MIMO

	Power mode
	Rel-16 Mode 0

	Power control
	 

	Modulation
	Up to 256 QAM

	Receiver
	MMSE-IRC

	BS antenna configuration
(for outdoor BS)
	(,,,,,,) = (8,8,2,1,1,4,8) with (, ) = (0.5, 0.8)


	BS antenna pattern
	Directional (8 dBi, 65 BW)

	BS antenna height
	According to TR 38.901

	BS noise figure
	5 dB

	UE antenna configuration
	1x4 ULA, pointing towards nearest gNB

	UE antenna pattern
	Directional (8 dBi, 65 BW)

	UE antenna height
	6 m 

	UE transmit power
	32 dBm

	UE speed
	3 km/h



Below, we have collected simulation parameters for the “indoor FWA” scenario. Unless otherwise explicitly stated, these are the parameters used for all above evaluations for the “indoor FWA” scenario.
[bookmark: _Ref142485392][bookmark: _Ref134786619][bookmark: _Ref111190018]Table 11	Parameters for SLS simulations for “indoor FWA” scenario
	 System-level simulation parameters

	Metric
	UL mean and cell-edge user throughput

	Scheduler
	Proportional Fair

	Traffic model
	FTP Model 1

	ISD
	200 m

	Number of sites
	7

	Number of UEs
	10000

	UE distribution
	100% Indoor

	Handover margin
	3 dB

	Carrier frequency
	3.5 GHz 

	Bandwidth
	20 MHz or 100 MHz 

	Subcarrier spacing
	30 kHz

	Channel model
	UMi (according to TR 38.901)

	Packet size
	500 kB

	MIMO scheme
	SU-MIMO

	Power mode
	Rel-16 Mode 0

	Power control
	or   

	Modulation
	Up to 256 QAM

	Receiver
	MMSE-IRC

	BS antenna configuration
(for outdoor BS)
	(,,,,,,) = (8,8,2,1,1,4,8) with (, ) = (0.5, 0.8)


	BS antenna pattern
	Directional (8 dBi, 65 BW)

	BS antenna height
	According to TR 38.901

	BS noise figure
	5 dB

	UE antenna configuration
	1x4 ULA or two 1x2 ULA (back-to-back) or four dual-polarized antenna pointing in four different direction, randomly oriented

	UE antenna pattern
	Isotropic (for )/Directional (8 dBi, 65 BW for or 4 dBi, 110 BW for )

	UE antenna height
	According to 36.873

	UE transmit power
	23 dBm

	UE speed
	3 km/h
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