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1	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 codebook designs based on DL Type 1 precoders, suitable oversampling ratios in terms of performance and implementation are studied, as is detailed design of partially coherent precoders. Architectures for full power UL MIMO and needed mechanisms for multi-codeword operation are also considered. The performance benefit of one or two power-control loops associated with multiple SRS resource sets is investigated given that the use of multiple codewords is also supported. Lastly, high-level aspects of non-codebook and multi-TPMI based approaches are further discussed.
This contribution is a revision of R1-2301184.  The end of section 2.1.1.2 contains new results on the performance of partially coherent codebook design alternatives for Ng=4 based on Rel-15 UL 2 Tx vs. 4 Tx precoders.  We observe that given the lesser flexibility from the use of Rel-15 4 Tx UL precoders, an 8 Tx partially-coherent codebook based on Rel-15 2 Tx UL precoders (even with fewer precoders) can provide significantly better mean and cell edge throughput than a codebook based on Rel-15 4 Tx UL precoders.
[bookmark: _Ref178064866]2	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 shall 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 and the number of SRS resource sets to be supported are discussed in Section 2.2. Finally, codebook based operation with multiple TPMI and SRS resource sets is discussed in Section 2.4.
2.1 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.
2.1.1	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. 
2.1.1.1	Two antenna-port groups
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 .
To limit the DCI overhead, additional restrictions can be imposed on the above design, which results in the following restricted set of precoders:
I. [bookmark: _Hlk127203358]Group-selection PC precoders: With this subset restriction, the idea is to include in the CB only PC precoders that result in the selection of one active antenna group for , while maintaining a nearly equal distribution of layers among both the antenna groups for :
· For ,  and ,
· For , , such that .
II. Balanced PC precoders: With this subset restriction, the idea is to include in the CB only PC precoders that result in a nearly equal distribution of layers among both the antenna groups for all , when possible:
· For ,  and  ,
· For , , such that .
III. Group-selection + Balanced PC precoders: With this subset restriction, the idea is to include in the CB only PC precoders which can result in one active antenna group along with a nearly equal distribution of layers among both the antenna groups for , while maintaining a nearly equal distribution of layers among both the antenna groups for :
· For ,  and  
· For , and , and such that ;
· For , , such that .
IV. Group-selection + Balanced PC precoders with pruning: With this subset restriction, the idea is to introduce the following additional pruning to the ‘Group-selection + Balanced’ PC precoders:
· Since the UL Rel-15 4 Tx precoders are subset of the DL Rel-15 Type-I codebooks with  and  (among other restrictions [6]), the number of candidates for the PC precoders can be reduced significantly by restricting the UL Rel-15 4 Tx precoders obtained from the DL Rel-15 Type-I codebooks with  (with the other legacy restrictions on the DL Rel-15 Type-I codebooks).
· In RAN1 #110bis-e, it was agreed that for the uplink transmission to use two codewords for with the DL Rel-15 codeword-to-layer mapping pattern. Accordingly, to match the DL Rel-15 codeword to layer mapping pattern, for , the codebook can be restricted to  , such that  This would map each codeword to a distinct antenna group such that the layers transmitted from each antenna group comes from only one codeword.
Rows of precoding matrix may be permuted based the port coherency scheme of  and  for . Accordingly, for the PC precoders generated by the above designs, the  rows should be exchanged with the  rows of the precoding matrices. The codebook size of the above options is summarized in Table 1, where the ‘Full’ PC precoders refer to the above design for  without any subset restriction.
[bookmark: _Ref127450356]Table 1: Codebook size for 8 Tx PC precoders for based on NR UL Rel-15 4 Tx precoders
	
	Full PC precoders
	Group-selection PC precoders
	Balanced PC precoders
	Group-selection + Balanced PC precoders
	Group-selection + Balanced PC precoders with pruning

	1
	32
	32
	32
	32
	16

	2
	372
	16
	256
	272
	72

	3
	264
	8
	256
	264
	72

	4
	196
	4
	64
	68
	20

	5
	128
	64
	64
	64
	16

	6
	48
	16
	16
	16
	16

	7
	16
	16
	16
	16
	8

	8
	4
	4
	4
	4
	4

	
	762
	60
	608
	636
	180

	
	960
	160
	708
	736
	224



Restricting the partially-coherent precoders in the 8 Tx  codebook by selecting a group and using a single UL Rel-15 4 Tx precoder (‘group selection’ precoding) dramatically reduces TPMI overhead, but the use of one precoder highly restricts precoding possibilities for ranks less than 5.
Subsets of combinations of two UL Rel-15 4 Tx precoders with a nearly equal number of layers can be added to ‘group selection’ for 8 Tx  PC codebooks to largely recover lost precoding possibilities while still achieving dramatic reductions in TPMI overhead compared to the full set of PC precoders.
In the following, the above alternatives are evaluated. Figure 2 shows the performance of the PC designs discussed above for the “indoor FWA” scenario. The two antenna groups are arranged as two 4 Tx arrays pointing in opposite directions (back-to-back 1 x 4 ULA panels). It can be observed that all the PC design options have a similar performance except when the precoders are restricted to ‘Balanced’, which compels the UEs to transmit from both the antenna groups when . Given, the UEs in a limited SINR regime will tend to transmit with (lower ranks) with a higher probability, restricting the precoders to ‘Balanced’ may result in the UEs always transmitting from an antenna group with a poor channel condition, which may further increase the inter-cell interference. Next, in Figure 3, the performance of the PC designs is evaluated for the “indoor FWA” scenario when an 8 Tx ULA is considered to be consisting of two 4 Tx ULA antenna groups (two 1 x 4 ULA panels pointing in same direction). From the figure, it can be observed that all the PC design options have similar performance, unlike the observation in Figure 2, since both the antenna groups are expected to have similar channel conditions. 
From the above, the following conclusions can be drawn for the subset restricted PC precoders, which have advantage over the ‘Full’ PC precoders in terms of overhead. There is a clear gain of the ‘Group-Selection’ PC precoders over the ‘Balanced’ PC precoders in terms of both the performance (especially when the antenna groups experience very different channel conditions) and the overhead. However, as shown in Figure 4, which evaluates the setup same as Figure 3, the performance of the ‘Group-Selection’ PC precoders degrades when the UE uses the Rel-15 power-scaling. This is because with Rel-15 power-scaling, the UEs use half of the maximum transmit power when  (as only one antenna group is active with ‘Group-Selection’ PC precoders). Accordingly, the ‘Group-Selection + Balanced’ PC precoders provides a solution to achieve a better tradeoff for the performance and the overhead under all scenarios. The overhead can be further optimized by using the ‘Group-Selection + Balanced with pruning’ PC precoders, which have a minor performance loss with a significant reduction in overhead. 
[image: ] [image: ]
[bookmark: _Ref127540672]Figure 2 	Mean and cell-edge user UL throughout versus served traffic, comparing different partial-coherent codebook designs in the “indoor FWA” scenario for . Here, the bandwidth is set to 100 MHz and with two back-to-back panels (two 1 x 4 ULA panels pointing in opposite direction) with directional antennas deployed at the UEs. The remaining SLS parameters are collected in  in the Appendix.
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[bookmark: _Ref127451056]Figure 3 	Mean and cell-edge user UL throughout versus served traffic, comparing different partial-coherent codebook designs 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 4 ULA panels pointing in same direction) deployed at the UEs. The remaining SLS parameters are collected in  in the Appendix.
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[bookmark: _Ref127458794]Figure 4 	Mean and cell-edge user UL throughout versus served traffic, comparing different partial-coherent codebook designs in the “indoor FWA” scenario for  and with Rel-15 power-scaling. Here, the bandwidth is set to 100 MHz and with an ULA divided into two groups (two 1 x 4 ULA panels pointing in same direction) deployed at the UEs. The remaining SLS parameters are collected in  in Appendix.
[bookmark: _Toc128561501]For UL 8 Tx partial-coherent codebooks with two antenna groups, i.e.,  ‘Group-Selection + Balanced’ partial-coherent precoders are used, including (a) precoders where an antenna group is selected and a single UL Rel-15 4 Tx precoder is used for rank  and additionally (b) precoders where combinations of two UL Rel-15 4 Tx precoders with a nearly equal number of layers are used. The following additional restrictions are applied to limit the codebook size:
i. [bookmark: _Toc128561502]Restrict the UL Rel-15 4 Tx precoders to the precoders with the oversampling factor of , and
ii. [bookmark: _Toc128561503]Restrict the layer distribution over the antenna groups to match the DL codeword-to-layer mapping for , i.e., the larger number of layers is mapped to the second group. 

2.1.1.2	Four antenna-port groups
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 ,  .
To limit the DCI overhead, additional restrictions can be imposed on the above design, which can result in the following options:
I. Group-selection PC precoders: With this subset restriction, the idea is to have the PC precoders which result in minimum number of active antenna groups whenever possible, otherwise maintain a nearly equal distribution of layers among all the antenna groups:
· For ,  , and  ,
· For , ,  such that only two antenna groups out of four are active, i.e., have .
· For , where the first two antenna groups are considered to be one pair and the other two antenna groups to be the second pair. Accordingly, for , a nearly equal distribution of layers is maintained over the two antenna pair groups, while having only one active antenna group within an antenna group pair whenever possible, otherwise a nearly equal distribution of layers is maintained over both the antenna groups within each antenna group pair. 
For clarity, the layer distribution among the antenna groups for all the possible ‘Group-selection’ PC precoders are summarized in Table 2, which gives the rank of each . 
II. Balanced PC precoders: With this subset restriction, the idea is to have the PC precoders which result in a nearly equal distribution of layers among all the antenna groups for all , whenever possible:
· For ,  , and  ,
· For , where 
· For a nearly equal distribution of layers among all the antenna groups is maintained. 
· For the first two antenna groups are considered to be one pair and the other two antenna groups are considered to be the second pair. Accordingly, for , a nearly equal distribution of layers is maintained over both the antenna group pairs, and further over both the antenna groups within each antenna group pair. 
For clarity, the layer distribution among the antenna groups for all the possible group-selection and balanced PC precoders are summarized in Table 2, which gives the rank of each . 
[bookmark: _Ref127452262]Table 2: 	Layer distribution over the antenna groups for , where are the rank of UL Rel-15 2 Tx precoder corresponding to each antenna group
	

	

	
	Group-selection PC precoders
	Balanced PC precoders

	1
	1/0/0/0
0/1/0/0
0/0/1/0
0/0/0/1
	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
	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
	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
	1/1/1/1

	5
	2/0/2/1
0/2/1/2
2/1/2/0
1/2/0/2
	1/1/2/1
1/1/1/2
2/1/1/1
1/2/1/1

	6
	2/1/2/1
1/2/1/2
	2/1/2/1
1/2/1/2

	7
	2/1/2/2
1/2/2/2
2/2/2/1
2/2/1/2
	2/1/2/2
1/2/2/2
2/2/2/1
2/2/1/2

	8
	2/2/2/2
	2/2/2/2




III. Group-selection + Balanced PC precoders: With this subset restriction, the idea is to have a union of the ‘Group-selection’ PC precoders and the ‘Balanced’ PC precoders, similar to case.
IV. Group-selection + Balanced PC precoders with pruning: With this subset restriction, the idea is to introduce the following additional pruning to the ‘Group-selection + Balanced’ PC precoders:
· Since the UL Rel-15 2 Tx precoders designed by co-phasing two antenna ports with four co-phase factors , the number of candidates for PC precoders can be reduced significantly by restricting the co-phasing factors to.
· Since in RAN1 #110bis-e, it was agreed that for uplink transmission to use two codewords for with the DL Rel-15 codeword-to-layer mapping pattern. Accordingly, to match the DL Rel-15 codeword to layer mapping pattern, for , the codebook can be restricted such that the total number of layers in the first and second antenna pair group is given by  and , respectively. This would map each codeword to a distinct antenna group pair such that the layers transmitted from each antenna group pair comes from only one codeword.
Rows of precoding matrix may be permuted based on agreed port coherency scheme of , ,  and  for . Accordingly, for the PC precoders generated by the above designs, the  rows should be exchanged with the  rows of the precoding matrices. The codebook size of the above options is summarized in Table 3, where the ‘Full’ PC Precoders refers to the above design for without any subset restriction.
[bookmark: _Ref127453469]Table 3 Codebook size for 8 Tx PC precoders for based on NR UL Rel-15 2 Tx precoders
	
	Full PC Precoders
	Group-selection PC precoders
	Balanced PC precoders
	Group-selection + Balanced PC precoders
	Group-selection + Balanced PC precoders with pruning

	1
	16
	16
	16
	16
	8

	2
	104
	8
	96
	104
	32

	3
	352
	96
	256
	352
	80

	4
	664
	24
	256
	280
	40

	5
	704
	64
	512
	576
	48

	6
	416
	128
	128
	128
	32

	7
	128
	128
	128
	128
	32

	8
	16
	16
	16
	16
	16

	
	1136
	144
	624
	752
	160

	
	2400
	480
	1408
	1600
	288



In the following, the above alternatives are evaluated. Figure 5 shows the performance of the PC design discussed above for the “indoor FWA” scenario. The four antenna groups are arranged as four dual polarized antenna ports pointing in four different directions. Similar to the case for , it can be observed that all the PC design options have a similar performance except when the precoders are restricted to ‘Balanced’, which results in the UEs always transmitting from more than one antenna group when , more than two antenna groups when , and more than three antenna groups when . Restricting the precoders to ‘Balanced’ may result in the UEs always transmitting from an antenna group with a poor channel condition in a low SINR regime, which may further increase the inter-cell interference. However, the performance results are similar to Figure 3, when the antenna groups have similar channel conditions (e.g., when pointing in same direction). In such a scenario, restricting the precoders to ‘Group-Selection’ may result in the UEs transmitting below the maximum transmit power when the Rel-15 power-scaling is used. 
Based on the above, the conclusions for the subset restricted PC precoders, which have advantage over the ‘Full’ PC precoders in terms of overhead, are similar to the case of . Accordingly, the ‘Group-Selection + Balanced’ PC precoders provide a solution to achieve a better tradeoff for the performance and the overhead under all scenarios. The overhead can be further optimized by using the ‘Group-Selection + Balanced with pruning’ PC precoders, which have a negligible performance loss with a significant reduction in overhead. 
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[bookmark: _Ref127453664][bookmark: _Ref127453608]Figure 5 	Mean and cell-edge user UL throughout versus served traffic, comparing different partial-coherent codebook designs 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  in Appendix.
In the following, an alternate design for PC precoders, for and the rank  is considered following the design adopted for :
· For ,  and  ,
· For ,  and , and ,
· For , 
where, and are the UL Rel-15 4 Tx PC precoders, such that their dimensions are same as defined for the case of . For the design of 8 Tx PC precoders, the  and  rows of a UL Rel-15 4 Tx PC precoders are considered to belong to two different antenna groups. Rows of the resulting precoding matrix may be permuted as the case of , to agree with the port coherency scheme for the case of . The codebook size of the above option is summarized in Table 4.
[bookmark: _Ref128497769]Table 4 Codebook size for 8 Tx PC precoders for based on NR UL Rel-15 4 Tx precoders
	
	PC precoders with UL Rel-15 4 Tx precoders

	1
	16

	2
	80

	3
	132

	4
	100

	5
	64

	6
	36

	7
	8

	8
	4

	
	328

	
	440



In the following, the above alternative (resulting in 440 precoders) is compared with the ‘Group-Selection + Balanced with pruning’ PC precoders designed with Rel-15 2 Tx FC precoders (resulting in 288 precoders).  Figure 6 shows the performance of the PC designs for the “indoor FWA” scenario, when an 8 Tx ULA is considered to be consisting of four 2 Tx antenna groups (four dual polarized antennas pointing in same direction). From the figure, it can be observed that despite the lower number of candidates, the ‘Group-Selection + Balanced with pruning’ PC precoders experience negligible performance loss compared to the PC precoders designed with Rel-15 4 Tx PC precoders. Next, in Figure 7, the performance of the PC designs is evaluated for the “indoor FWA” scenario, when four antenna groups are arranged as four dual polarized antenna ports pointing in four different directions. As seen from the figure, the ‘Group-Selection + Balanced with pruning’ PC precoders designed with Rel-15 2 Tx FC precoders outperforms the PC precoders designed with Rel-15 4 Tx PC precoders. Specifically, there is a gain of around 2.5% to 4% mean throughput gain and around 8% to 14.5% cell-edge throughput gain for the ‘Group-Selection + Balanced with pruning’ PC precoders designed with Rel-15 2 Tx FC precoders. The UL Rel-15 4 Tx PC precoders are already pruned to optimize the DCI overhead and utilizing them to reconstruct the PC precoders for 8 Tx does not give robust performance in all the deployment scenario. On the other hand, the Rel-15 2 Tx FC precoders allow a coherent combination across the dual-polarized antennas in a group, and a more systematic pruning of the precoders to optimize the DCI overhead can result in a higher gain.
[image: ][image: ]
[bookmark: _Ref128497800]Figure 6    Mean and cell-edge user UL throughout versus served traffic, comparing the ‘Group-Selection + Balanced with pruning’ PC precoders designed with Rel-15 2 Tx precoders with the PC precoders designed with Rel-15 4 Tx PC precoders in the “indoor FWA” scenario for . Here, the bandwidth is set to 100 MHz and with four dual-polarized isotropic antennas arranged in a ULA, i.e., pointing in same directions. The remaining SLS parameters are collected in  in Appendix.
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[bookmark: _Ref128502844]Figure 7    Mean and cell-edge user UL throughout versus served traffic, comparing the ‘Group-Selection + Balanced with pruning’ PC precoders designed with Rel-15 2 Tx precoders with the PC precoders designed with Rel-15 4 Tx PC precoders 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  in Appendix.

Given the lesser flexibility from the use of Rel-15 4 Tx UL precoders, an 8 Tx partially-coherent codebook based on Rel-15 2 Tx UL precoders (even with fewer precoders) can provide significantly better mean and cell edge throughput than a codebook based on Rel-15 4 Tx UL precoders.

[bookmark: _Toc128561504]For UL 8 Tx partial-coherent codebooks with two antenna groups, i.e., ,  ‘Group-Selection + Balanced’ partial-coherent precoders are used, including (a) precoders that strive to minimize the number of active antenna groups and one or more Rel-15 2 Tx UL precoders are used and additionally (b) precoders where combinations of Rel-15 2 Tx UL precoders with a nearly equal number of layers are used. The following further restrictions are used to limit the codebook size:
iii. [bookmark: _Toc128561505]Restrict the 2 Tx precoders to the precoders with co-phasing factors between the two antenna ports restricted to , and
iv. [bookmark: _Toc128561506]Form two antenna group pairs, each with two antenna groups and restrict the layer distribution over the antenna group pairs to match the DL codeword-to-layer mapping for , i.e., the larger number of layers is mapped to the second antenna group pair. 
2.1.2 Oversampling ratio and antenna configuration combinations
For designs based on the Type 1 DL codebook, an open question is the oversampling ratios (OSRs), i.e., the values of  that should be supported per . The following agreement was made during the RAN1#110 meeting to facilitate evaluating the impact of different OSRs for precoders based on a Rel-15 DL Type I codebook. 
Agreement (RAN1#110)
For evaluation purpose of codebook alternatives when a precoder based on Rel-15 DL Type I is used, following oversampling ratios are assumed
· (O1, O2) = (1,1), (2,1), (2,2),
· Note: Other values may be used and reported by companies,
· Note: When deciding the supported O1, O2 combination, the signaling overhead, performance, UE complexity, etc. should be considered.

In , we compare the performance of OSR (1, 1), (2, 1), and (4, 1) in a Type-I DL codebook for an 8-port fully-coherent cross-polarized 1x4 ULA in an “outdoor FWA” scenario. We note that there is almost no difference between the OSRs. This is predictable, since while there is less loss at the beam crossover points, and hence increased average antenna gain of higher OSRs, this is not likely to improve system throughput in such a high SNR scenario, especially given the SU-MIMO scheduling used in the simulation.  has the same setup, except that an “indoor FWA” scenario is used. In this case, the relative performance of the OSR is a little more discernible, where the OSR=1 case can be seen to have slightly worse performance than the higher oversampling ratios. We should point out that these simulations assume maximum rank of 8, and so the benefits of higher OSR under configurations with lower maximum rank (that may be of interest, e.g., to MU-MIMO operation) are not studied.  However, these initial results point to the potential benefit of simpler codebooks with OSR as low as 1 (for a UE equipped with a 1x4 cross polarized ULA).
[image: ]
[bookmark: _Ref115436716]Figure 	Mean-user UL throughout versus served traffic, for different OSRs and for the “outdoor FWA” scenario. Here, the bandwidth is set to 100 MHz. The corresponding SLS parameters are collected in  in Appendix.
[image: ]
[bookmark: _Ref115436733]Figure 	Mean-user UL throughout versus served traffic, for different OSRs and for the “indoor FWA” scenario. Here, the bandwidth is set to 100 MHz with an isotropic ULA deployed at the UEs. The corresponding SLS parameters are collected in  in Appendix.
Rel-15 codebooks include elements that are powers of , which can be maintained with sufficiently low OSRs. Such designs simplify UE precoding implementation [3]. Since designs using such low OSRs perform well enough for the considered scenarios, this feature of Rel-15 codebooks could be retained for 8 Tx.

[bookmark: _Toc128561507]Restrict codebooks for 8 TX UEs such that elements of the precoding matrices are limited to the set {+1, +j, -1, -j}. This implies that (,) = (1,1) for  = 1 and (, ) = (4, 1), and that (, ) = (2, 2) for  = 1 and (, ) = (2, 2).
2.1.3 Linear phase versus cophasing precoder designs (“Alt1-b vs. Alt2-a”)
In what follows, when comparing Alt1-b and Alt2-a, we set the OSR such that elements of the precoding matrix are limited to the set {+1, +j, -1, -j}.
In our RAN1#110 contribution [2], we found that the performance, measured in mean user throughput, of the codebook-design alternatives was generally close, except that Alt2-a, which is based on NR Rel-15 UL codebooks which includes only a subset of possible precoders for rank 3—4 transmission, underperformed in the “indoor FWA” scenario for a 20 MHz bandwidth.  show the mean and cell-edge user throughput of codebook design alternatives Alt1-b and Alt2-a for the “indoor FWA” scenario and for a 100 MHz bandwidth. Here, the codebooks include all precoder candidates for  (i.e., both single-panel and multi-panel (with co-phasing factor  precoders) as well as non-coherent and partially coherent precoders.
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[bookmark: _Ref111196290]Figure 	Mean and cell-edge user UL throughout versus served traffic, for Alt1-b and Alt2-a codebook designs in the “indoor FWA” scenario. Here, the bandwidth is set to 100 MHz and with an isotropic ULA deployed at the UEs. The remaining SLS parameters are collected in  in Appendix.
The performance of Alt2-a is consistently somewhat worse for both the mean and cell edge throughput cases. At mid-to-high loads, there is about 3% mean and 8-10% cell edge user throughput gain for Alt1-b over Alt2-a.
Cophasing Rel-15 precoders produces fewer beams than a more general design including Type 1 precoders and does not match ULA/UPA configurations well.
[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]In RAN#110bis, the effect of phase errors induced by imperfect calibration was discussed [4], and proposals were made in email discussions to evaluate the relative impact of these phase on the codebook design alternatives, such as the following:
· For fully-coherent uplink precoding by an 8TX UE, RAN1#111 evaluates performance of Alt1-b and Alt2-a with unequal phase offsets relative to a reference antenna port applied across the antenna ports. 
· Phase offset values can be assumed uniformly distributed over [-φ, φ], where φ can take 0, 45, 90, 135 and 180 degrees
· Other values may also be used and reported by companies, e.g., {45, 90}.
· The same value of phase offset is applied to SRS and PUSCH channels. However, during a simulation run, the phase offset can be updated to another value every n slots (n=20, 40, etc.). 
· RAN1 considers a similar codebook size for the evaluations.

Therefore, in this section, the performance of fully-coherent precoding is evaluated with unequal phase offsets relative to a reference antenna port applied across the antenna ports. The phase offset values are assumed to be uniformly distributed over , where takes values of , ,  and . For fully-coherent precoding, the following two alternatives are evaluated according to the agreement in RAN1#110:
1. Alt1-b: NR Rel-15 DL Type I codebook considered as the starting point for design of the codebook for fully-coherent UEs,
2. Alt2-a: NR Rel-15 UL 2TX/4TX codebooks considered as the starting point for design of codebook for fully -coherent UEs.
Note that the OSR for Alt1-b is set such that elements of the precoding matrix are limited to the set {+1, +j, -1, -j}. Further, for Alt2-a, the fully-coherent codebooks are generated by co-phasing NR Rel-15 UL 4TX codebooks with co-phasing factor .
 and  show the performance of the codebook design alternatives for the “indoor FWA” scenario, which exemplifies low SNR transmission where precoding gains are more clearly beneficial and where differences in precoding performance are most likely to be seen. For Alt1-b, the unequal phase-error between the antenna ports results in 1%, 2—4% and 4—7% mean throughput loss, and 1—5%, 7—19% and 16—30% cell-edge throughput loss for ,  and , respectively, as observed in . Similarly, for Alt2-a, the unequal phase-error between the antenna ports results in 1%, 2—3% and 3—5% mean throughput loss and 3—4%, 9—11% and 15—22% cell-edge throughput loss for ,  and , respectively, as observed in . 
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[bookmark: _Ref118296044]Figure    	Mean and cell-edge user UL throughout versus served traffic, for Alt1-b codebook design in the “indoor FWA” scenario with phase-error . Here, the bandwidth is set to 100 MHz and with an isotropic ULA deployed at the UEs. The remaining SLS parameters are collected in  in the Appendix.
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[bookmark: _Ref118296074]Figure 	Mean and cell-edge user UL throughout versus served traffic, for Alt2-a codebook design in the “indoor FWA” scenario with phase-error . Here, the bandwidth is set to 100 MHz and  with an isotropic ULA deployed at the UEs. The remaining SLS parameters are collected in  in the Appendix.
In , the performance of Alt1-b and Alt2-a for fully-coherent precoding is compared with  for the “indoor FWA” scenario.  summarizes the results in , showing the mean percentage user throughput loss relative to Alt1-b without phase error (i.e. with ). It can be observed that the performance of both Alt1-b and Alt2-a degrades with increasing phase error, reaching 4.9% and 20% user throughput loss at  relative to the error free case.  However, for  Alt1-b consistently outperforms Alt2-a by a small amount (0.9-1.4% mean throughput and 3-5% cell edge throughput, respectively).  In the completely uncalibrated case of , the mean performance is essentially the same.  Overall, then, it can be observed in low SNR conditions that Alt1-b outperforms Alt2-a in the presence of limited phase error, and about the same as Alt2-a in worst case phase errors.  
[bookmark: _Ref118539503]Table : Mean percentage user throughput Loss relative to Alt1-b with .
	Metric
	Alt1-b (ref.)

	Alt2-a

	Alt1-b

	Alt2-a

	Alt1-b

	Alt2-a


	Mean user throughput
	0%
	1.4%
	2.7%
	3.6%
	4.9%
	4.9%

	Cell-edge user throughout
	0%
	5.0%
	11%
	14%
	20%
	20%
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[bookmark: _Ref118296207]Figure 	Mean and cell-edge user UL throughout versus served traffic, comparing Alt2-a and Alt1-b codebook designs in the “indoor FWA” scenario with phase-error . Here, the bandwidth is set to 100 MHz and with an isotropic ULA deployed at the UEs. The remaining SLS parameters are collected in  in Appendix.
 and  show the performance of the codebook design alternatives for “outdoor FWA” scenario, which depicts a high SNR transmission. Since the “outdoor FWA” scenario results in a high SNR set-up, both Alt1-b and Alt2-a suffer marginal performance loss due to unequal phase-error between antenna ports. Specifically, in this scenario, the performance loss due to the phase-error is significantly compensated by the high SNR transmission. 
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[bookmark: _Ref118296325]Figure 	Mean and cell-edge user UL throughout versus served traffic, for Alt1-b codebook design in the “outdoor FWA” scenario with phase-error . Here, the bandwidth is set to 100 MHz and with directional antennas organized in a ULA deployed at the UEs. The remaining SLS parameters are collected in  in Appendix.
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[bookmark: _Ref118296339]Figure 	Mean and cell-edge user UL throughout versus served traffic, for Alt2-a codebook design in the “outdoor FWA” scenario with phase-error . Here, the bandwidth is set to 100 MHz and with directional antennas organized in a ULA deployed at the UEs. The remaining SLS parameters are collected in  in Appendix.
In low-SNR scenarios, high phase error significantly degrades the performance of both Alt1-b and Alt2-a. However, Alt1-b consistently outperforms Alt2-a in limited phase error and has essentially the same performance at high error.
In high-SNR scenarios, phase error degrades Alt1-b and Alt2-a performance minimally, and the two schemes have comparable performance irrespective of the amount of error.
[bookmark: _Toc128561508]8 Tx codebooks support coherent combining of 8 ports in an SRS resource using precoders based on the Rel-15 DL Type I codebook.
[bookmark: _Toc128561509]Consider further if and how to address performance losses due to calibration errors.
2.1.4	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. Therefore, it was agreed: 
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
[image: ]
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#111)
For an 8TX partial/non-coherent precoder, for study on full power codebook-based PUSCH transmissions, use Rel-16 full power modes as the starting point for the design. 
Note: This does not mandate support of all Rel-16 modes.


As discussed in [5], the CPE/FWA/vehicle/industrial UEs that are identified by the work item scope can vary substantially in terms of complexity, target use case, and antenna characteristics. The agreed evaluation scenarios and supported coherence types for 8 Tx are consistent with this: full, partial, and non-coherent precoders are to be supported, different power classes are assumed, and directional/omni-directional antennas at FR1 (as well as directional antennas at FR2) are considered. Therefore, it is essential that enough UE PA architectures are supported to enable the diverse applications where 8 Tx can be used.
One approach to defining what should be supported is to identify a minimum set of PA architecture assumptions such that if the assumptions do not match the assumptions, the deviation is acceptable in terms of complexity and performance tradeoffs. The highest performing/highest complexity cases are those with maximum PA power and full coherence, while the lowest performance/lowest complexity cases are minimum PA power and non-coherence. Common UE implementations have a primary Tx chain with full power PA and secondary Tx chains with lesser amounts of power, which guarantees full power prior to RRC configuration in UEs where it is not desirable to virtualize the Tx chains to one port. Therefore, a third configuration should have a full power path with reduced power on the remaining Tx chains.
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]. Given our rationale above, these configurations are a logical starting point. However, some middle ground is missing where PA powers of 20 and 17 dBm are used, and so additional configurations could be helpful to enable more UE implementations.
One of the more complex aspects for Rel-16 is the indication of full power TPMIs. The benefit of such indication for 8 Tx operation should be carefully studied, since selection diversity gains diminish with increasing numbers of antenna ports. If we focus on homogeneous PA configurations for the additional cases, this should simplify the full power designs, and avoid excess specification impact as well as leave time to design more important aspects of 8 Tx operation. 
We expect 20 dBm PAs to be more widely available in the near term, and so adding at least a [20 20 20 20 20 20 20 20] configuration makes sense to us. A similar configuration with 17 dBm could also be considered but is not as important for likely near term implementations in our view.  
Since design are for CPE/FWA/vehicle/industrial devices in this work item, we feel this relatively simple starting point is sufficient. Given the flexibility of the Rel-16 Mode 0/1/2 full power mechanisms, if support for additional full power configurations is needed for commercial operation, these configurations can be easily added later. 
PA powers of PC and PC/8, where PC is the power class, are natural starting points to span the full range of complexity/performance tradeoffs. An intermediate case allowing one full power PA and one or two other cases with reduced PA power that can be supported by full/partial/non-coherent UEs is also desirable as a good starting point for the first 8 Tx implementations in Rel-18.
[bookmark: _Toc128561510]In addition to the PA powers per Tx chain of [0 0 0 0 0 0 0 0], [0 -9 -9 -9 -9 -9 -9 -9], and [‑9 -9 -9 -9 -9 -9 -9 -9] dB relative to their power class agreed for study in RAN1#111, consider at least a [-3 -3 -3 -3 -3 -3 -3 -3] configuration when designing Rel-18 8 Tx full power UL MIMO operation
The fundamental principal of UL full power designs is to deliver full power for as many SRIs/TPMIs in the codebook as possible. SRIs/TPMIs that would operate with a subset of Tx chains or with virtualized antenna ports may be the best match to a given fading condition, but if low power PAs are used or virtualization is precluded, such conditions may not be exploitable, and the net performance of the codebook is diminished.  Put another way, the use of UL full-power transmission implies the use of nested codebooks, where fully, partially, and non-coherent precoders can be dynamically selected.
Support of uplink full power MIMO transmission implies the use of nested codebooks, where fully, partially, and non-coherent precoders can be dynamically selected.
[bookmark: _Toc128561511]8 Tx codebook based operation uses Rel-15 principles to nest fully, partially, and non-coherent precoders in a codebook.
2.2 Dual codeword mechanisms and SRS resource sets
In RAN1#110bis-e, it was decided to take a working assumption that two codewords are used for more than 4 layers, and to base the layer mapping on the Rel-15 downlink codeword to layer mapping:
Working Assumption (RAN1#110bis-e)
For uplink transmission with rank>4, support dual CW transmission.
Agreement (RAN1#110bis-e)
If dual CW is supported for uplink transmission with Rank>4 by an 8TX UE, reuse DL Rel-15 codeword to layer mapping for both codebook-based and non-codebook-based transmission.

Agreement (RAN1#111)
For PUSCH transmission with rank>4 by an 8TX UE, to support dual CW transmission, 
· specify MCS, NDI, RV indication for the second CW
· specify PUSCH Scrambling for the second CW
· specify UCI multiplexing on PUSCH for dual CW transmission
· study whether/how Enabling/Disabling the second CW
FFS: Optimization of DCI to indicate the above
Note: Strive to reuse Rel-15 NR DL schemes where possible.

Agreement (RAN1#111)
For PUSCH transmission with rank>4 by an 8TX UE, to support UCI multiplexing on PUSCH, down-select at least one of the following options in RAN1#112,
· Option1: UCI is always multiplexed on one of the CWs
· Option2: UCI is multiplexed on both CWs
· Option3: Based on UCI (e.g., type, payload size, etc.) UCI is multiplexed on one or both CWs
· Option4: UCI is multiplexed only when single CW is enabled
· Option5: UCI is repeated across the two CWs
· Other options are not precluded


Two codeword transmission has a large specification impact. How the second codeword is to be transmitted, including its MCS, redundancy version, and whether is a new transmission must be signaled to the UE.  Whether the second TB is within the same HARQ process and how code block groups are used for the second TB must also be decided. Lastly, how UCI is mapped to the TBs must be worked out. We provide some further views on these topics below.
1. TB modulation & coding information: DCI format 1_1 currently provides MCS, NDI, and RV for each codeword independently, and each of these fields have the same size for each codeword.  Joint coding of these fields across the TBs could potentially save DCI overhead, but may also complicate how TBs are mapped, as well as restrict gNB scheduling flexibility. Since multi-TRP operation is not in scope for 8 Tx transmission, the indication should be in a single PDCCH.
2. Retransmission: The downlink schedules two codewords in a single HARQ process and provides a single indication of code block groups to be retransmitted for both when one and two codeword are scheduled. Partial retransmission of TBs is supported in the downlink by mapping the enabled TB to the first codeword. Both of these approaches seem reasonable for the uplink and can be a starting point.
3. UCI multiplexing on PUSCH: UCI coded bits are multiplexed in with those of the UL-SCH, and can potentially be mapped to both codewords, or only one. Mapping to both could allow additional robustness, but this may occur only in restricted scenarios. The PUSCH grants can account for CSI overhead and trade off robustness or retransmissions for spectral efficiency. It is likely to be complicated to split CSI information bits among codewords, as well as require additional overhead, e.g., from CRC. Instead, CSI coded bits are likely to be rate matched among codewords, which is still complicated for transmission in the UE and requires gNB to combine the CSI LLRs from the two codewords, increasing reception complexity. Since the second codeword is used for rank 5-8, it is only present in high SNR conditions where robustness may not be so crucial. The second codeword may vary with time, e.g., due to rank adaptation or if codeword disabling is supported on retransmissions. Given these considerations, our current view is that multiplexing the CSI only on the first codeword should be specified. If substantial benefits can be shown in relevant scenarios, we are open to considering multiplexing CSI on both codewords. In general, given the high complexity of the UCI multiplexing procedure on PUSCH, and the potential for substantially more complexity (as can be seen from the variety or proposals in RAN1#111 listed above), we think that this aspect should be carefully studied and the focus should be on solutions that limit UE and gNB implementation complexity as well as specification impact.
Two codeword transmission has a large specification impact, which adds on to the already high workload for 8 Tx (including codebook and non-codebook design, TPMI/SRI indication, full power operation, etc.)
Downlink principles for TB modulation and coding information and retransmission with two codewords can be a starting point for the uplink with two codewords
[bookmark: _Toc128561512]MCS, NDI, and RV are indicated independently for each codeword in one PDCCH, and their size does not vary according to the codeword. 
Unless a strong benefit is shown for the two codeword case, CSI multiplexed with UL-SCH only on the first codeword.
In RAN1#110bis-e, as shown below, it was agreed that 8 Tx operation uses at least one 8 port SRS resource in one SRS resource set, while the use of multiple SRS resource sets was left for further discussion.  Further decisions on this aspect have not been and so it remains open as of this meeting.
Agreement (RAN1#110bis-e)
For SRS configuration supporting codebook -based UL transmission for an 8TX UE ,  
· Support configuration of 1 SRS resource set containing up to X 8-port SRS resource(s), where X=2.
· FFS: Other values for X, if needed.
· FFS : Configuration of at least one SRS resource set, configured with more than one SRS resources where each SRS resource may have the same or different number of SRS ports, e.g., for support full power operation, if supported.
· FFS : Configuration of at least one SRS resource set, configured with 8/M of M-port SRS resources, for example,
· Configuration of an SRS resource set, configured with at least 4 of 2-port SRS resources,
· Configuration of an SRS resource set, configured with at least 2 of 4-port SRS resources.

Meanwhile, in STxMP discussions, it was agreed that two SRS resource sets can be configured for both codebook and non-codebook based operation:
Agreement (RAN1#110bis-e)
For SDM scheme of single-DCI based STxMP PUSCH 
· Configure two SRS resource sets for CB or NCB. 
· FFS: These two SRS resource sets can have different number of SRS resources for codebook-based or non-codebook based.
· For codebook-based PUSCH, DCI indicates two TPMI fields, and each TPMI field separately indicates the precoding information and the number of layers conveyed over the SRS ports of the indicated SRS resource in each SRS resource set. 
· For non-codebook based PUSCH and codebook-based PUSCH, DCI indicates two SRI fields and each field indicates SRS resource(s)  for each SRS resource set separately. 
· FFS: For codebook-based PUSCH , the two SRS resources indicated by the two SRI fields can have different number of SRS ports.

Therefore, at present, 8-layer transmission is supported by one 8-port resource, which means that two codeword transmission is only associated with one SRS resource in one SRS resource set. This means that all layers for a two codeword transmission are associated with one SRS resource, and so SRI, if used, should indicate only one 8-port SRS resource, rather than multi-SRS resource/multi-panel simultaneous transmission. If 8 Tx designs follow the principles from single DCI based STxMP, at most 4 or fewer layers is indicated, more than 1 SRS resource from different sets can be indicated, and 1 codeword is transmitted.  
According to current agreements for 8 Tx and STxMP, if multiple SRS resource sets are supported for 8 Tx operation, one codeword is transmitted with at most 4 layers when more than one set is indicated, and up to 8 layers with two codewords when one set is indicated.
Since 8 Tx designs now target support for two codewords, the MCS of each codeword can be selected to best match the SINRs of the layers that form each codeword, thereby potentially improving the performance of 8 Tx operation. However, two codewords are only used for more than 4 layers, which limits the potential gains of two codewords. However, if two SRS resource sets are used, two independent power control loops can be applied to the two SRS resource sets to improve performance for when 4 or less layers are transmitted. Therefore, one criterion for deciding whether to support multiple SRS resource sets with 8 Tx operation can be how the performance of two codewords with 5 to 8 layers compares to power control with two sets and 1 to 8 layers with one codeword. We note that this is a bit pessimistic for power control, since two codewords is used for more than 4 layers. 
 below shows the performance of single-codeword transmission with up to 8 layers on two back-to-back panels of directional antennas in an “indoor FWA” scenario, operating with 20 MHz bandwidth. Either one or two (open loop) power control loops is used, with , where each panel can transmit at a maximum power of 23 dBm. The additional power control settings and further simulation parameters are given in . As summarized in , we see that two power control loops provides 4—10% mean user throughput gain, depending on the load.
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[bookmark: _Ref115259134][bookmark: _Hlk115301030]Figure 	Mean-user UL throughout versus served traffic, for one power control (one resource set) and two power control (two resource sets) for the “indoor FWA” scenario, with two back-to-back panels with directional antennas. Here, the bandwidth is set to 20 MHz and , with maximum transmit power per panel set to 23 dBm. The remaining SLS parameters are collected in  in Appendix.
[bookmark: _Ref115436625]Table  	UL mean-user throughput gains for two power control loops compared to one power control loop at different resource utilizations (i.e., at low, medium, and high load) for “indoor FWA” with back-to-back panels, each with maximum transmit power of 23 dBm, and 20 MHz bandwidth and .
	Gains with 2 power control loops over one power control loop

	Scenario
	20% (low)
	50% (medium)
	70% (high)

	“Indoor FWA”
	4%
	5%
	10%



Based on the above results, we make the following observation.
The use of two power control loops with directional antennas can provide significant (on the order of 10%) mean user throughput gains.
Next, we simulate the achievable throughputs for the case when one or two codewords is used. In order to maximize the gain of two-codeword transmission, we use SVD precoding, since this will naturally order the layers according to SNR, ensuring that the difference in the MCS of the codewords is maximized.  
Simulations were run for the “indoor FWA” so that behavior in low SNR scenarios where the benefit of either two codewords or power control should be greatest. As shown in , there is virtually no difference between one and two codeword operation. This is expected because two codewords are only used for above rank 4 (according to the RAN1#110 agreement), and so differences between one and two codeword operation will only be found for UEs that can transmit rank 5 and above, and where the MCS of the two codewords is different enough such that there is gain. Therefore, the throughput gains attained by two power control loops, which can be used for any number of layers and, thus, more frequently, are not observed for two codewords. 
It is of course possible to add power control to the two codeword case. However, open-loop power control tends to equalize the received SNR among the layers, which would diminish the gains of two-codeword operation.  
Supporting two SRS resource sets with power control can improve performance more than two codeword transmission in one set in at least low SNR scenarios

[image: ]      [image: ]
[bookmark: _Ref115438527]Figure 	Mean and cell-edge user UL throughout versus served traffic, for 1 and 2 codeword transmission in the “indoor FWA” scenario with SVD precoding and 100 MHz bandwidth. The UEs are deployed with isotropic antennas organized in a ULA. The remaining SLS parameters are collected in  in Appendix.
2.3 Non-codebook-based approach
The following agreement was reached during the RAN1#110bis meeting for 8 Tx:
Agreement (RAN1#110bis-e)
For SRS configuration required for non-codebook-based UL transmission by an 8TX UE, Alt1 is supported, that is
· Alt1: A single SRS resource set configured with up to 8 single-port SRS resources
· FFS: Configuration of up to two, or four SRS resource sets, each configured with up to 4, or 2 single-port SRS resources, respectively.

Also, as discussed in section 2.2, the following was agreed for STxMP:
· For non-codebook based PUSCH and codebook -based PUSCH, DCI indicates two SRI fields and each field indicates SRS resource(s) for each SRS resource set separately. 
· FFS: For codebook-based PUSCH, the two SRS resources indicated by the two SRI fields can have different number of SRS ports

Given that separate power control of SRS resources, in different SRS resource sets, is beneficial for CB-based operation as we discuss in Section 2.2, it should be beneficial also for NCB-based operation. This is reflected in the decision to support two SRS resource sets for both codebook and non-codebook based operation in STxMP. Therefore, if multi-SRS resource set operation is defined for 8 Tx UL MIMO operation, it should be supported for both codebook and non-codebook based operation.
Supporting only two SRS resource sets seems too restrictive on UE capability, since UEs may support only one SRS resource set, e.g., those that have a single ULA of isotropic elements.
[bookmark: _Toc128561513]If multi-SRS resource set operation is defined, it is defined for both CB-based and NCB-based operation. 
[bookmark: _Toc128561514]Both single and dual SRS resource set configurations are supported for Rel-18 NCB-based operation.
Since Rel-15 signaling already allows all combinations of SRS resources to be indicated, it is optimized in that sense, and so it should be relatively straightforward to specify Rel-18 8-layer SRI by extending Rel-15 SRI for the single SRS resource set case. In the two SRS resource set case, two SRIs can be indicated as is agreed for STxMP. Also, the behavior should be the same as discussed above in section 2.2 for codebook based operation with respect to the number of layers and codeword to layer mapping, so at most 4 layers should be transmitted when two SRIs are provided.  
[bookmark: _Toc128561515]A PDCCH can carry one or more SRIs for SRS resources in different sets, where UEs transmit a portion of layers according to each SRI that corresponds to at most 4 single port SRS resources, and support indication of up to 8 single port SRS resources in one set.
2.4 Multiple-TPMI-based approach
Alt2-a is naturally used with multiple TPMIs, since Rel-15 2 and 4 Tx precoders are supported, and these can map directly to 2 and 4 port SRS resources. However, as discussed above with respect to , co-phasing Rel-15 precoders to form an 8-port precoder can result in worse performance than more direct 8 port designs that better exploit antenna arrays with regular structure such as Alt1-b.   
A benefit with multiple SRS resource sets is that it allows more flexible transmission than the single SRS resource set case. Each SRS resource set can be associated with a different panel, different element patterns may be used between the SRS resources, and the UE implementation can precode or virtualize the ports in the SRS resources differently.  
In particular, if different SRS resource sets are used, then it is also straightforward to power control the SRS resources differently, allowing better performance for panels pointing in different directions. As can be seen in , separate power control for panels pointing in different directions can provide notable gains in performance when directional antennas are used.  
In principle, it is possible to use a precoder across SRS resources or resource sets to coherently combine antenna ports in different SRS resource. However, combining ports across different SRS resources/sets would deviate significantly from Rel-15 principles and UE designs, since there is no requirement for UEs to transmit SRS resources coherently. There would also be substantial specification impact with respect to SRS configurations as well as the need to test these new SRS configurations in RAN4. Therefore, precoders should only combine ports within a single SRS resource.
Overall, a single 8-port precoder and SRS resource for coherent transmission can provide the best precoding gain, while precoding based on one or more SRS resources with up to 4 ports can have advantages according to UE antenna configurations, amount of Tx chain coherence, etc. A hybrid approach then seems the best performing solution, where both an 8-port coherent codebook with one SRS resource and multiple two or four port SRS resources and corresponding precoders can be used for partial- and non-coherent (as well as fully coherent) UEs, and separate power control can be applied to different SRS resources.  In Rel-18, it may be infeasible to support this in a dynamic way, and so the support for 8 port transmission with one SRS resource set and 2 or 4 port precoding with two SRS resource sets may need to be RRC configured.
As discussed in section 2.2, there is an FFS in agreements regarding multiple SRS resource sets (copied below), where the number of SRS resource sets is left open. Two SRS resource sets seems a reasonable starting point, given the performance gains observed in section 2.2 and the commonality with the agreements for STxMP that support two SRS resource sets. However, the four set case can be further studied to see if it offers sufficient gain to merit being specified.
· FFS : Configuration of at least one SRS resource set, configured with 8/M of M-port SRS resources, for example,
· Configuration of an SRS resource set, configured with at least 4 of 2-port SRS resources,
· Configuration of an SRS resource set, configured with at least 2 of 4-port SRS resources.

Combining SRS ports across multiple SRS resources deviates from Rel-15 principles and UE designs
Support for multiple SRS resources (in different sets) allows better exploitation of diverse UE antenna configurations, and can better distribute power among ports, while a single 8-port SRS resource can provide better precoding gains
[bookmark: _Toc128561516][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 can indicate one or multiple precoders and SRS resources in different sets, where UEs transmit a portion of layers according to each Rel-15 precoder that corresponds to an indicated SRS resource with 4 ports or less, and support indication of an 8-port coherent precoder corresponding to one 8-port 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 codebook designs based on DL Type 1 precoders, suitable oversampling ratios in terms of performance and implementation were studied, as was detailed design of partially coherent precoders. Architectures for full power UL MIMO and needed mechanisms for multi-codeword operation were also considered. The performance benefit of one or two power-control loops associated with multiple SRS resource sets was investigated given that the use of multiple codewords is also supported. Lastly, high-level aspects of non-codebook and multi-TPMI based approaches were further discussed.
Based on the discussion, we made the following proposals:
Proposal 1	For UL 8 Tx partial-coherent codebooks with two antenna groups, i.e.,  ‘Group-Selection + Balanced’ partial-coherent precoders are used, including (a) precoders where an antenna group is selected and a single UL Rel-15 4 Tx precoder is used for rank  and additionally (b) precoders where combinations of two UL Rel-15 4 Tx precoders with a nearly equal number of layers are used. The following additional restrictions are applied to limit the codebook size:
i.	Restrict the UL Rel-15 4 Tx precoders to the precoders with the oversampling factor of , and
ii.	Restrict the layer distribution over the antenna groups to match the DL codeword-to-layer mapping for , i.e., the larger number of layers is mapped to the second group.
Proposal 2	For UL 8 Tx partial-coherent codebooks with two antenna groups, i.e., ,  ‘Group-Selection + Balanced’ partial-coherent precoders are used, including (a) precoders that strive to minimize the number of active antenna groups and one or more Rel-15 2 Tx UL precoders are used and additionally (b) precoders where combinations of Rel-15 2 Tx UL precoders with a nearly equal number of layers are used. The following further restrictions are used to limit the codebook size:
iii.	Restrict the 2 Tx precoders to the precoders with co-phasing factors between the two antenna ports restricted to , and
iv.	Form two antenna group pairs, each with two antenna groups and restrict the layer distribution over the antenna group pairs to match the DL codeword-to-layer mapping for , i.e., the larger number of layers is mapped to the second antenna group pair.
Proposal 3	Restrict codebooks for 8 TX UEs such that elements of the precoding matrices are limited to the set {+1, +j, -1, -j}. This implies that (,) = (1,1) for  = 1 and (, ) = (4, 1), and that (, ) = (2, 2) for  = 1 and (, ) = (2, 2).
Proposal 4	8 Tx codebooks support coherent combining of 8 ports in an SRS resource using precoders based on the Rel-15 DL Type I codebook.
Proposal 5	Consider further if and how to address performance losses due to calibration errors.
Proposal 6	In addition to the PA powers per Tx chain of [0 0 0 0 0 0 0 0], [0 -9 -9 -9 -9 -9 -9 -9], and [‑9 -9 -9 -9 -9 -9 -9 -9] dB relative to their power class agreed for study in RAN1#111, consider at least a [-3 -3 -3 -3 -3 -3 -3 -3] configuration when designing Rel-18 8 Tx full power UL MIMO operation
Proposal 7	8 Tx codebook based operation uses Rel-15 principles to nest fully, partially, and non-coherent precoders in a codebook.
Proposal 8	MCS, NDI, and RV are indicated independently for each codeword in one PDCCH, and their size does not vary according to the codeword.
Proposal 9	If multi-SRS resource set operation is defined, it is defined for both CB-based and NCB-based operation.
Proposal 10	Both single and dual SRS resource set configurations are supported for Rel-18 NCB-based operation.
Proposal 11	A PDCCH can carry one or more SRIs for SRS resources in different sets, where UEs transmit a portion of layers according to each SRI that corresponds to at most 4 single port SRS resources, and support indication of up to 8 single port SRS resources in one set.
Proposal 12	A PDCCH can indicate one or multiple precoders and SRS resources in different sets, where UEs transmit a portion of layers according to each Rel-15 precoder that corresponds to an indicated SRS resource with 4 ports or less, and support indication of an 8-port coherent precoder corresponding to one 8-port SRS resource
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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: _Ref111189812]Table 	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: _Ref111190018]Table 	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, 110BW for )

	UE antenna height
	According to 36.873

	UE transmit power
	23 dBm

	UE speed
	3 km/h
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