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1. [bookmark: _Ref521334010]Introduction
In RAN1 #94-e meeting, enhancements for UL 8Tx operations were agreed and the following objective was approved in the WID for Rel-18 NR MIMO [1]:
	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, codebook design and SRI/TPMI enhancement for UL 8Tx operation are discussed, and some evaluation results are provided.
2. UL 8Tx codebook design
In Rel-17, different codebooks are designed for fully-coherent, partially-coherent and non-coherent UEs respectively. Similarly, for UL transmission with 8Tx, different codebooks can be designed for fully-coherent, partially-coherent and non-coherent UEs respectively.
On codebook design for UL 8Tx, it was agreed to down-select one of the following in RAN1 #109-e meeting:
· 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
In RAN1 #110bis-e, it was agreed that for design of codebook for partially/non-coherent precoding, NR Rel-15 UL 2TX/4TX codebooks and/or 8x1 antenna selection vector(s) were adopted as the starting point. For design of codebook for fully-coherent precoding, whether NR Rel-15 DL Type I codebook or Rel-15 UL 2TX/4TX codebooks are adopted as the starting point is still FFS. In this section, the design of codebooks for fully-coherent, partially-coherent and non-coherent UEs is discussed respectively.
2.1. Non-coherent codebook
A non-coherent UE can only be configured with non-coherent codebook. Since a non-coherent UE is not capable of transmitting a single layer with multiple antennas coherently, each precoding matrix in a non-coherent codebook shall be a port selection precoding matrix, with one port selected for each layer. 
For PUSCH transmission with DST-s-OFDM waveform, the transmission rank is 1. All of the port selection precoding matrices for rank 1 can be included in the 8Tx non-coherent codebook, as shown in Table 1.
Table 1: Non-coherent codebook for single-layer UL 8Tx, DFT-s-OFDM
	TPMI index
	

(ordered from left to right in increasing order of TPMI index)

	0 – 7
	
	
	
	
	
	
	
	



Proposal 1: For UL 8Tx with DFT-s-OFDM, precoding matrices in Table 1 are adopted for non-coherent codebook.
For the non-coherent codebook of 4Tx for CP-OFDM waveform in Rel-15, the total number of precoding matrices in non-coherent codebook is 12, with all of port selection precoding matrices for rank=1/2/4 included, and one precoding matrix for rank =3 included. For UL 8Tx in Rel-18, if all of port selection precoding matrices are included in the non-coherent codebook, the number of precoding matrices for each rank would be as follows:
· Rank 1: =8;
· Rank 2: =28;
· Rank 3: =56;
· Rank 4: =70;
· Rank 5:=56;
· Rank 6:=28;
· Rank 7:=8;
· Rank 8:=1.
If all of precoding matrices are included, the number of precoding matrices and the bit widths for TPMI field when maxRank = 1, 2, …, 8 would be as the ones shown in Table 2. It can be seen that 8 bits is needed when max Rank >= 4 for 8Tx. Compared to 4Tx, the bit widths for TPMI field are doubled. 
Table 2: Number of precoding matrices and bit widths of TPMI field for non-coherent codebook for UL 8Tx
	max Rank
	Number of TPMIs
	Bitwidth for TPMI field (bits)

	1
	8
	3

	2
	36
	6

	3
	92
	7

	4
	162
	8

	5
	218
	8

	6
	264
	8

	7
	254
	8

	8
	255
	8



In Rel-15, all of precoding matrices in non-coherent codebook are included in codebook for partial-coherent/fully-coherent UEs. Same principles can be considered in Rel-18 UL 8Tx operation, i.e., all or a subset of precoding matrices for non-coherent codebook should be included in partial-coherent codebook. Too many bits for TPMI indication in DCI are not expected. Therefore, whether only a subset or all of port selection precoding matrices are included in the non-coherent codebook should be considered.
In MIMO system, the gain of increasing precoding accuracy for high ranks would be much lower than that for low ranks, and the probability of scheduling UEs with high ranks would be lower than that for low ranks. Therefore, if only a subset of port selection precoding matrices is included in the non-coherent codebook, keeping all port selection precoding matrices for low ranks (e.g. rank=1,2) and down selecting port selection precoding matrices for high ranks (e.g. rank>2) can be considered.
Proposal 2: For UL 8Tx operation, whether all or a subset of port selection precoding matrices are supported for non-coherent codebook is considered.
Proposal 3: For UL 8Tx operation, if only a subset of port selection precoding matrices are supported for non-coherent codebook, all port selection precoding matrices for low ranks(e.g. for rank=1,2) are kept, and down selection of precoding matrices for high ranks(e.g. for rank>2) are considered.
Proposal 4: For UL 8Tx operation, a subset or all of precoding matrices in non-coherent codebook included in partial-coherent codebook and full-coherent codebook is considered.
Since the number of port selection precoding matrices included in partial-coherent/full-coherent codebook may be related to the expected overhead of TPMI indication for the partial-coherent/full-coherent codebook, the detail on the design for how many precoding matrices in non-coherent codebook should be included in partial-coherent codebook/full-coherent codebook can be discussed when further conclusion on the design of partial-coherent codebook/full-coherent codebook is available.
2.2. Partial-coherent codebook
In RAN1 #110bis-e, the following agreements were achieved on codebook design for partial-coherent UEs [2]:
	Agreement
Support the following cases for codebook design for 8TX precoders
· Full coherent precoders with Ng=1
· FFS: Full coherent precoders with Ng=2, Ng=4
· Partial-coherent precoders with Ng=2 and Ng=4
· This does not imply any relation with the number of TPMI indications for 8TX precoder
· Non-coherent precoders
Agreement
For codebook design of an 8TX partial-coherent UE, configured with an 8-port SRS resource
· For when Ng=2, down-select of the following convention for assumption of port coherency scheme is used 
· Alt 1: two coherent groups of {0,2,4,6} and {1,3,5,7}
· Alt 2: two coherent groups of {0,1,4,5} and {2,3,6,7}
· Alt 3: two coherent groups of {0,1,2,3} and {4,5,6,7}
· For when Ng=4, down-select of the 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}
· Alt 2: four coherent groups of {0,1}, {2,3}, {4,5}, and {6,7}
· Alt 3: four coherent groups of {0,2}, {4,6}, {1,3}, and {5,7}
· Note: Other alternatives which are not foreseen are not precluded

Agreement
For 8TX UE codebook-based uplink transmission,
· For partially/non-coherent precoding, support NR Rel-15 UL 2TX/4TX codebooks and/or 8x1 antenna selection vector(s) as the starting point for design of codebook 



For partial-coherent precoders, NR Rel-15 UL 2TX/4TX codebooks are adopted as the starting point for design of codebook, with both Ng=2 and Ng=4 supported. The following two alternatives can be considered:
· Alt 1: A codebook with the following structures:
· For rank = 1, , and ;
· For rank = 2/3/4, , , and ; 
· For rank > 4, ; 
where  is the rank of the PUSCH transmission,, and are 4Tx precoders selected from Rel-15 UL 4Tx codebook, 
, , , 
and .
· Alt 2: A codebook with the following structures:
· For rank4, ；
· For rank> 4, ;
where is the rank of the PUSCH transmission, , , , , and  are selected from Rel-15 UL 4Tx codebook, 
, , , , ,,
 and .
In RAN1 #110bis-e, it was agreed that for uplink transmission with Rank>4, reuse the DL Rel-15 codeword to layer mapping pattern. For partial-coherent precoders with Ng = 2(i.e. two coherent groups), it can be considered to use the antenna ports within the same coherent group on the layers mapping to a CW for full coherent transmission when the rank of the PUSCH transmission is more than 4. In this way, the codebook size of Alt 1 can be reduced and the specific schemes with Ng = 2 are as follows:
· Alt 1-1: The codebook includes only matrices in Alt 1 with , and  selected from full coherent precoders in Rel-15 UL 4Tx codebook, and for rank>4, ;
· Alt 1-2: The codebook includes only matrices in Alt 1 with , and  selected from full coherent precoders in Rel-15 UL 4Tx codebook, and .
For the fairness of codebook comparison, the codebooks based on Alt1 and Alt2 should have similar sizes. For Alt 2, the precoder set can be reduced in a way similar to Alt1 and the following two schemes can be considered to construct precoding matrixes with Ng = 2.
· Alt 2-1: The codebook includes only matrices in Alt 2 with , , , , and  selected from partial-coherent precoders in Rel-15 UL 4Tx codebook, and for rank>4,  and ;
· Alt 2-2: The codebook includes only matrices in Alt 2 with , , and  selected from partial-coherent precoders in Rel-15 UL 4Tx codebook,  and  are respectively composed of partial columns of and  and for rank>4, .
Since the above alternatives only consider the principles of codebook design, for a given port coherency scheme, making some adjustments(e.g. row transformation) on the codebook to make sure the mapping between the entries of the precoder and the antenna ports aligned to the port coherency scheme may be needed. 
In RAN1 #110bis-e, it was agreed that for Ng=2, down-select one from the following port coherency schemes:
· two coherent groups of {0,2,4,6} and {1,3,5,7}
· two coherent groups of {0,1,4,5} and {2,3,6,7}
· two coherent groups of {0,1,2,3} and {4,5,6,7}
For Alt 1-1 and  Alt 1-2, the structure of each precoding matrix conforms to one of , , and , with the assumption of port coherency scheme is two coherent groups of {0,2,4,6} and {1,3,5,7}
· If port coherency scheme of {0,1,4,5} and {2,3,6,7} is adopted, the {3,4}-th rows and the {5,6}-th rows of matrices should be exchanged;
· If port coherency scheme of {0,2,4,6} and {1,3,5,7} is adopted, the {2,4}-th rows and the {5,7}-th rows of matrices should be exchanged.
For Alt 2-1 and 2-2, the structure of each precoding matrix conforms to one of  and , with the assumption of port coherency scheme is two coherent groups of {0,2,4,6} and {1,3,5,7};
· If port coherency scheme of {0,1,4,5} and {2,3,6,7} is adopted, the {2,6}-th rows and the {3,7}-th rows of matrices should be exchanged;
· If port coherency scheme of {0,2,4,6} and {1,3,5,7} is adopted, the {2,4}-th rows and the {5,7}-th rows of matrices should be exchanged.
The codebook size for Alt 1-1, Alt 1-2, Alt 2-1 and Alt 2-2 are summarized in Table 3. It can be seen from the table that the overhead of Alt 1-1 is similar as that for Alt 2-1 and the overhead of Alt 1-2 is similar as that for Alt 2-2.
[bookmark: _Ref118732752]Table 3: Codebook size for 8Tx partial-coherent precoding matrices based on NR UL 4Tx codebook
	
	Alt 1-1
	Alt 1-2
	Alt 2-1
	Alt 2-2

	Rank 1
	16+16=32
	16+16=32
	4*4*4+4*4*4=128 
	4*4*4+4*4*4=128 

	Rank 2
	16*16+8+8=272
	16*16=256
	8*8*4=256 
	8*8*4=256 

	Rank 3
	8*16+16*8+4+4=264
	8*16=128
	2*2*4=16 
	2*2*4=16 

	Rank 4
	8*8+4*16+16*4+2+2=196
	8*8=64
	2*2*4=16 
	2*2*4=16 

	Rank 5
	4*8=32
	4*8=32
	8*8*2*2*2=512
	3*2*2*4=48

	Rank 6
	4*4=16
	4*4=16
	2*2*2*2*2=32
	2*2*4=16

	Rank 7
	2*4=8
	2*4=8
	2*2*2*2*2=32
	4*2*2*4=64

	Rank 8
	2*2=4
	2*2=4
	2*2*2*2*2=32
	2*2*4=16

	Max rank 4
	764
	480
	416
	416

	Max rank 8
	824
	540
	1024
	560



In Figure 1, the performance of Alt 1-1, Alt 1-2, Alt 2-1 and Alt 2-2 are evaluated for antenna layout 1-a and 1-b respectively for up to 8 ranks, with the simulation assumptions provided in appendix.
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[bookmark: _Ref118732843]Figure 1: Performance comparison of Alt 1-1, Alt 1-2, Alt 2-1 and Alt 2-2
Observation 1: Regarding the performance of codebooks for partial-coherent 8Tx Ues,
· For both max rank=4 and max rank=8, Alt 2 outperforms Alt 1;
· For max rank=8, Alt 2-2 outperforms Alt 2-1 in terms of average throughput and 5% throughput, (about 5.4% and 2.6%, respectively), but the 95% performance of Alt 2-2 is slightly lower than that of Alt 2-1(2.9%).
The structure of partial-coherent precoders with Ng = 2(i.e. two coherent groups) can be extended to that of partial-coherent precoders with Ng = 4(i.e. four coherent groups) only by adjusting the coherency of matrices selected from Rel-15 UL 4Tx codebook. Some specific schemes with Ng = 4 are as follows:
· Alt 1-3: The codebook includes only matrices in Alt 1 with , and  selected from partial-coherent precoders in Rel-15 UL 4Tx codebook, and ;
· Alt 2-3: The codebook includes only matrices in Alt 2 with , , , , and  selected from non-coherent precoders in Rel-15 UL 4Tx codebook.
In RAN1 #110bis-e, it was agreed that when Ng=4, one of the following port coherency schemes is adopted:
· four coherent groups of {0,4}, {1,5}, {2,6}, and {3,7}
· four coherent groups of {0,1}, {2,3}, {4,5}, and {6,7}
· four coherent groups of {0,2}, {4,6}, {1,3}, and {5,7}
Similarly as that for Ng=2, for a given scheme of antenna port coherency, making some adjustments(e.g. row transformation) on the codebook to make sure the mapping between the entries of the precoder and the antenna ports aligned to the port coherency scheme may be needed.
For Alt 1-3, the structure of each precoding matrix conforms to one of , , and , with the assumption of port coherency scheme is four coherent groups of {0,2}, {4,6}, {1,3} and {5,7},
· If port coherency scheme is {0,1}, {2,3}, {4,5} and {6,7}, the {2,6}-th rows and the {3,7}-th rows of matrices should be exchanged;
· If port coherency scheme is {0,4}, {1,5}, {2,6} and {3,7}, the {3,4}-th rows and the {5,6}-th rows of matrices should be exchanged.
For Alt 2-3, the structure of each precoding matrix conforms to one of  and , with the assumption of port coherency scheme is four coherent groups of {0,4}, {1,5}, {2,6} and {3,7},
· If port coherency scheme is {0,1}, {2,3}, {4,5} and {6,7}, the {2,4}-th rows and the {5,7}-th rows of matrices should be exchanged;
· If port coherency scheme is {0,2}, {4,6}, {1,3} and {5,7}, the {3,4}-th rows and the {5,6}-th rows of matrices should be exchanged.
For a 8Tx partial-coherent UE, the mapping of antennas and antenna ports shall be determined according to the coherency of antennas and the design of the codebook. Figure 2 shows some examples on antenna-to-port mapping for a UE configured with two groups of antennas.
[image: ]
[bookmark: _Ref118748433]Figure 2: Examples of antenna-to-port mapping 
If the structure of partial-coherent codebook is Alt 1, the following port coherency scheme can be considered:
· two coherent groups of {0,1,2,3} and {4,5,6,7};
· four coherent groups of {0,2}, {1,3}, {4,6}, and {5,7}.
Then for antenna-to-port mapping, the UE shall adopt Option 2 in Figure 2. Then antennas within the same group would be indexed first, first horizontally and then the polarization direction. 
If the structure of partial-coherent codebook is Alt 2, the following port coherency scheme can be considered:
· two coherent groups of {0,2,4,6} and {1,3,5,7}
· four coherent groups of {0,4}, {1,5}, {2,6}, and {3,7}
Then for antenna-to-port mapping, the UE shall adopt Option 3 in Figure 2. 
Proposal 5: For UL 8Tx partial-coherent UEs, the codebook can be generated based on NR Rel-15 UL 2TX/4TX codebooks, with the following two schemes considered:
· Alt 1: A codebook with the following structures:
· For rank = 1, , and ;
· For rank = 2/3/4, , , and ; 
· For rank > 4, ; 
· For partial-coherent precoders with Ng = 2(i.e. two coherent groups), , and are 4Tx precoders selected from full coherent precoders in Rel-15 UL 4Tx codebook, 
· For partial-coherent precoders with Ng = 4(i.e. four coherent groups), , and are 4Tx precoders selected from partial-coherent precoders in Rel-15 UL 4Tx codebook, 
· Alt 2: A codebook with the following structures:
· For rank4, ；
· For rank> 4, ;
· For partial-coherent precoders with Ng = 2(i.e. two coherent groups), , , , , and are 4Tx precoders selected from partial-coherent precoders in Rel-15 UL 4Tx codebook, 
· For partial-coherent precoders with Ng = 4(i.e. four coherent groups), , , , , and are 4Tx precoders selected from non-coherent precoders in Rel-15 UL 4Tx codebook.
Proposal 6: For UL 8Tx partial-coherent codebook, the port coherency scheme can be determined according to the design of partial-coherent codebook, e.g. 
· For Alt 1 in proposal 5, the following port coherency schemes are adopted:
· Two coherent groups of {0,1,2,3} and {4,5,6,7}
· Four coherent groups of {0,2}, {1,3}, {4,6}, and {5,7}
· For Alt 2 in proposal 5, the following port coherency schemes are adopted:
· Two coherent groups of {0,2,4,6} and {1,3,5,7}
· Four coherent groups of {0,4}, {1,5}, {2,6}, and {3,7}
2.3. Full-coherent codebook
For full-coherent codebook design, it is to be decided whether to use NR Rel-15 DL Type I codebook or NR Rel-15 UL 2Tx/4Tx codebooks to build 8 Tx precoding matrices. 
2.3.1. Codebook for full-coherent UE with single antenna group
For codebook design for full-coherent UEs with Ng=1, the following schemes can be considered:
· Alt1-b: NR Rel-15 DL Type I codebook
· Alt2-a:
· For rank ≤ 4,  or matrices generated by row transformation of them;
· For rank > 4,  or matrices generated by row transformation of them;
where , and are 4Tx full coherent precoders selected from Rel-15 UL 4Tx codebook, 
, , , 
and , .
For the fairness of performance comparison, the number of precoding matrices based on Alt1-b and Alt2-a should be close. Thus, the following schemes can be considered and the codebook sizes are shown in Table 4: Codebook size for 8Tx full-coherent precoding matrices:
· Alt1-b-1: NR Rel-15 DL Type I SP codebook and .
· Alt1-b-2: Rel-15 DL Type I MP codebook

The first n column(s) of the above matrix can be used as the 8Tx precoding matrices with rank = n,
where , , , , 
 with rank=1, and  with rank>1.
· Alt2-a-1:
· For rank ≤ 4, ;
· For rank > 4, ;
where , and are 4Tx full coherent precoders selected from Rel-15 UL 4Tx codebook, 
, , , 
and , .
· Alt2-a-2:
· For rank ≤ 4, ;
where  and are 4Tx full coherent precoders selected from Rel-15 UL 4Tx codebook
and .
[bookmark: _Ref118733367]Table 4: Codebook size for 8Tx full-coherent precoding matrices
	
	Alt1-b-1: NR DL Type I SP codebook
	Alt1-b-2
	Alt2-a-1
	Alt2-a-2

	
	
	
	
	
	
	

	Rank 1
	16*4=64
	8*4=32
	4*4=16
	4*4*4=64
	16*4=64
	16*16*4=1024

	Rank 2
	16*4*2=128
	8*4*2=64
	4*4*2=32
	4*4*2=32
	8*4=32
	8*8*4=256

	Rank 3
	16*3*2=96
	8*3*2=48
	4*3*2=24
	4*4*2=32
	4*4=16
	4*4*4=64

	Rank 4
	16*3*2=96
	8*3*2=48
	4*3*2=24
	4*4*2=32
	2*4=8
	2*2*4=16

	Max rank=4
	384
	192
	96
	160
	120
	1360


In RAN1 #110bis-e, it was agreed that for fully-coherent uplink precoding by an 8TX UE, phase misalignment should be considered. If antenna ports of UE are phase calibrated, the phase of Tx waveform from the antenna array perfectly follow a linear phase ramp and a vector with little phase difference from Tx waveform can be selected from DFT codebook. However, in a real world the initial phases of antennas can be affected by many factors(e.g. the physical antenna structure and hardware elements in each antenna TX/RX chain). It is hard to ensure the phase correction of UE devices. If phase misalignment brings about a large quantization error, it may be not appropriate to use DFT codebook.
We compare the performance of codebooks based on Alt1-b and Alt2-a-1 with unequal phase offsets relative to a reference antenna port applied across the antenna ports, which are uniformly distributed over [-φ, φ], and evaluate the impact of phase offsets on either of the codebooks, where φ can take 0, 45, 90, 135 and 180 degrees, as shown in Figure 3:
[image: ]
[bookmark: _Ref118733338]Figure 3: Performance comparison of codebooks for full coherent UEs with ULA 4x1 (max rank 4)
Observation 2: Regarding the performance of codebooks for full-coherent 8Tx UEs,
· Phase error affects the performance of all the codebooks; 
· For NR DL Type I SP codebook with φ=180, the throughput of NR DL Type I SP codebooks with (O1,O2)=(4,1) and (O1,O2)=(2,1) is similar, and significant performance gain of codebook with (O1,O2)=(2,1) over that with (O1,O2)=(1,1) can be seen, about 13.9% in terms of average throughput. 
· Compared with NR DL Type I SP codebook , Alt2-a-1 shows a smaller performance fluctuation and the performance gain of average throughput over that with φ=0 is -2.8%~2.7% for φ=45, 90, 135 and 180.
· There is no obvious performance difference between Alt1-b-1 with (O1,O2)=(4,1) and Alt2-a-1. For φ = 45/180, Alt1-b-1 with (O1,O2)=(4,1) outperforms Alt2-a-1.
· For NR DL Type I MP codebook, phase error does not have a significant negative impact on the performance. Alt1-b-2 shows a small performance fluctuation on average throughput as well, about -2.1%~3.0%.
· For Alt2-a-2, the best performance is observed among codebooks for full coherent UEs. However, the number of precoders for rank 1 and rank 2 is far more than that of other codebooks. The precoder set still needs to be down-selected to ensure the fairness of comparison.
Proposal 7: For codebook design for UL 8Tx full-coherent UEs with Ng=1, at least Alt1-b is supported.
2.3.2. Codebook for full-coherent UE with multiple antenna groups
For UL 8Tx full-coherent UEs with two antenna groups, the following 3 alternatives can be considered:
· Alt 1: Codebook generated based on NR Rel-15 DL Type I SP codebook.
· Alt 2: Codebook generated based on NR Rel-15 DL Type I MP codebook.
· Alt 3: Codebook generated based on Rel-15 UL 4Tx codebook 
In this section, evaluations on the above alternatives are provided in Figure 7 for an UL 8Tx full-coherent UE with two antenna groups as shown in Figure 6. For the evaluation, (O1,O2)=(2,1) are considered for Alt 1 and Alt 2. The numbers of precoding matrices for the three codebooks are provided in Table 5.
[bookmark: _Ref118733523]Table 5: Codebook size for 8Tx full-coherent codebooks for maxRank=4 (Ng=2)
	
	Alt 1
	Alt 2
	Alt 3

	Rank 1
	8*4=32
	4*4*4=64
	16*4=64

	Rank 2
	8*4*2=64
	4*4*2=32
	8*4=32

	Rank 3
	8*3*2=48
	4*4*2=32
	4*4=16

	Rank 4
	8*3*2=48
	4*4*2=32
	2*4=8

	Total number of  precoding matrices
	192
	160 
	120 



[image: ]
[bookmark: _Ref118733609][bookmark: _Ref115288480]Figure 4: Performance comparison of codebooks for full-coherent 8Tx UEs with Ng=2
It can be seen from the simulation results that for a UL 8Tx full-coherent UEs with 2 antenna groups with the layout of 2-b in Figure 4, UL 8Tx codebook generated based on DL Type I MP codebook outperforms UL 8Tx codebook generated based on DL Type I SP codebook, and UL 8Tx codebook generated based on DL Type I SP codebook outperforms UL 8Tx codebook generated based on UL 4Tx FC codebook:
· For 95% UPT, compared to UL 8Tx codebook generated based on DL Type I MP codebook, 3.4% and 5.0% performance loss can be seen by the UL 8Tx codebook generated based on UL 4Tx FC codebook and DL Type I SP codebook, respectively,.
· For average UPT, compared to UL 8Tx codebook generated based on DL Type I MP codebook, 1.2% and 2.3% performance loss can be seen by the UL 8Tx codebook generated based on UL 4Tx FC codebook and DL Type I SP codebook, respectively;
· For 5% UPT, compared to UL 8Tx codebook generated based on DL Type I MP codebook, 6.1% and 7.9% performance loss can be seen by the UL 8Tx codebook generated based on UL 4Tx FC codebook and DL Type I SP codebook, respectively.
Since the size of the 3 codebook are comparable, for UL 8Tx full-coherent UEs with 2 antenna groups, the codebook generated based on NR Rel-15 DL Type I MP codebook can be considered.
Proposal 8: For UL 8Tx full-coherent UEs with 2 antenna groups, design of the UL 8Tx full-coherent codebook based on NR Rel-15 DL Type I MP codebook is considered.
3. SRS configuration and SRI/TPMI indication
3.1. Codebook based PUSCH
SRS configuration and SRI indication
In RAN1 #110bis-e, the following agreements were achieved on SRS configuration for codebook based PUSCH transmission:
	Agreement
For SRS configuration supporting codebook-based UL transmission for an 8TX UE ,  
1. Support configuration of 1 SRS resource set containing up to X 8-port SRS resource(s), where X = 2
0. FFS : Other values for X, if needed 
1. 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
1. FFS : Configuration of at least one SRS resource set, configured with 8/M of M-port SRS resources, for example,   
2. Configuration of an SRS resource set, configured with at least 4 of 2-port SRS resources
2. Configuration of an SRS resource set, configured with at least 2 of 4-port SRS resources


As analyzed in our companion contribution [3], enabling 8 SRS ports for “codebook” by combining SRS ports from multiple 1-/2-/4-port SRS resources also should be considered in Rel-18, since it has following advantanges:
1) It is a flexible solution that enables 8 ports to be configured in same or multiple OFDM symbols. 
2) Since the 8 SRS ports can be separated by using multiple SRS resources, the design of resource mapping and cyclic shift calculation for SRS resources in Rel-17 can be reused. 
3) It is beneficial to SRS coverage. By combing multiple SRS resources to enable 8 SRS ports, the number of SRS ports in each SRS resource is smaller than 8, then the transmit power of each SRS port can be higher than that of 8-port SRS resource.
4) It enables dynamic switching among PUSCH transmissions with 2 ports, 4 ports and 8 ports. By allowing indicating one or more SRS resources, it can be easily switched among PUSCH transmissions with 2 ports, 4 ports and 8 ports.
Proposal 9: For 8 ports SRS for codebook based PUSCH transmission, enabling 8 ports by combing SRS ports in multiple SRS resources is supported.
If enabling 8 SRS ports for “codebook” by combing SRS ports in multiple SRS resources is supported, the multiple SRS resources can be configured in the same SRS resource set or in multiple SRS resource sets, i.e., the following two alternatives on SRS configuration can be considered:
· Alt 1: 1 SRS resource set containing up to 8X/M of M-port SRS resource(s), where X = 1 or 2, M= 2, or 4, for example,
· 1 SRS resource set containing up to 4 or 8 of 2-port SRS resources;
· 1 SRS resource set containing up to 2 or 4 of 4-port SRS resources;
· Alt 2: 8/M SRS resource set containing up to X of M-port SRS resource(s), where X = 2, M= 2, or 4.
For Alt 1, only one SRI field is needed and no SRS resource set indication is needed. For Alt 2, SRS resource set indicator(s) may be needed, since SRS resources for 8 ports are configured in multiple SRS resource set. Then SRI can be used to indicate SRS resources corresponding to the selected SRS resource set(s). In order to reduce the overhead for SRI indication, we slightly prefer to use one field to indicate the SRS resources for Alt 2, other than using an SRS resource set indicator field in addition to the SRI field.
Proposal 10: For codebook based 8Tx PUSCH transmission, only one SRI field is used for SRS resource indication.
When 1 SRS resource set containing up to X 8-port SRS resource(s) is configured, it is natural to reuse the SRI indication scheme as that for Rel-17.
Proposal 11: For codebook based PUSCH transmission with 8-port SRS resource(s) configured, using the same SRI indication scheme as that in Rel-17.
TPMI indication
In Rel-17, one TPMI field is used for precoder indication for codebook based PUSCH, with one TPMI and its corresponding TRI are indicated from the codebook subset configured by high layer parameter codebooksubset and maxRank. Compared to 2Tx and 4Tx, the number of precoders would be greatly increased for 8Tx. As discussed in section 2.1, it is possible that multiple codebooks are supported for multiple types of antenna layouts. Then the number of codebook subsets for UL 8Tx would be particularly large. In such condition, if same framework of TPMI indication as that for Rel-17 is used, multiple TPMI indication tables would be needed, with some of them are considerable large. Since the codebook for full-coherent and partial-coherent UE would be designed based on DL Type I codebook or UL 2Tx/4Tx codebook, it is possible that new TPMI indication schemes are considered. 
Proposal 12: For TPMI indication for codebook based 8Tx PUSCH, down select one of the following:
· Alt 1: The same TPMI indication framework as that in Rel-17 is supported, i.e., one TPMI field indicating one TPMI and TRI;
· Alt 2: A new TPMI indication framework is supported.
For the new TPMI indication framework, the indication schemes for the following two cases may be different:
· Case 1: The higher coherency level codebook includes precoding matrices of lower coherency level coherent codebooks, i.e., the full-coherent codebook includes precoding matrices of partial-coherent codebook and non-coherent codebook, the partial-coherent codebook includes precoding matrices of non-coherent codebook;
· Case 2: The higher coherency level codebook does not include precoding matrices of lower coherency level codebooks, i.e. any precoding matrices in full-coherent codebook, partial-coherent codebook and non-coherent codebook are different.
For case 1, the full-coherent codebook is generated by three parts: full-coherent precoders; partial-coherent precoders and non-coherent precoders. In order to reduce the complexity of TPMI indication for full-coherent codebook, one or two bits in TPMI indication field can be used to indicate which part the precoder belongs to. Then the other bits in the TPMI indication field are used to indicate the precoder from the indicated part. 
For case 2, the TPMI indication scheme for full-coherent codebook and partial-coherent codebook can be related to the design of the codebook. For example, if all of precoding matrices for full-coherent codebook are down selected from Rel-15 DL Type I codebook, similar indication scheme as that for DL Type 1 codebook can be considered, i.e. number of layers, i1,1, i1,2, i2, i3, i1,N,n are indicated. If the precoding matrices for full-coherent codebook are generated based on Rel-15 UL 2Tx/4Tx codebook, TPMIs for 2/4 antenna groups as well as the co-phasing among the antenna groups should be indicated. 
Since the details of TPMI indication for UL 8 Tx is highly related to the design of codebook, the details of TPMI indication can be discussed after the codebook is available.
3.2. Non-codebook based PUSCH
In RAN1 #110bis-e, the following agreement was achieved on SRS configuration for non-codebook based 8Tx transmission:
	Agreement
For SRS configuration required for non-codebook-based UL transmission by an 8TX UE, Alt1 is supported, that is
1. Alt1: A single SRS resource set configured with up to 8 single-port SRS resources
1. FFS: Configuration of up to two, or four SRS resource sets, each configured with up to 4, or 2 single-port SRS resources, respectively.


For 8Tx SRS for non-codebook based PUSCH transmission, one open issue is whether more than one SRS resource sets is supported. For Rel-17 M-TRP PUSCH transmission, two SRS resource sets with usage set to “nonCodebook” can be configured for two TRPs respectively. If 8 single-port SRS resources are configured in two SRS resource sets for UL 8Tx, a mechanism on identifying whether the two SRS resource sets are for UL 8Tx or for M-TRP PUSCH transmission is needed. It causes unnecessary spec efforts. Therefore for SRS configuration for non-codebook based PUSCH transmission, except for M-TRP transmission schemes, configuring multiple SRS resource sets is not preferred.
Proposal 13: For SRS configuration for non-codebook based 8Tx PUSCH, except for M-TRP transmission schemes, configuring multiple SRS resource sets is not supported.
Since only one SRS resource set is supported for non-codebook based PUSCH, the same framework of SRI indication as that in Rel-17 can be used for UL 8Tx, i.e., one SRI field is used to indicate SRS resources from the SRS resource set.
Proposal 14: On SRI indication for non-codebook based 8Tx PUSCH, same framework as that in Rel-17 is used, i.e., one SRI field is used to indicate SRS resource(s) from the SRS resource set.
4. Number of codewords for rank>4
In RAN1 #110bis-e, the following agreements were achieved on CWs and CW to layer mapping for 8Tx PUSCH [2]:
	Working Assumption
For uplink transmission with rank>4, support dual CW transmission.

Agreement
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.


It is known that 2 CWs enables separate MCSs and RVs for different layers, which is benefit for the throughput. For 8Tx PDSCH, 2 CWs are supported for rank>4, for 8Tx PUSCH, 2 CWs also can be supported for rank>4.
Figure 5 provides performance comparison of UL 8Tx transmission with 1 CW and 2 CWs for rank= 5/6/7/8. It can be seen from the evaluation results that compared to 1 CW, obvious performance gain can be achieved by 2 CWs.
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[bookmark: _Ref118733842]Figure 5: Performance comparison between 1 CW and 2 CW
Observation 3: For 8Tx PUSCH with rank 5~8, compared to PUSCH transmission with 1 CW, 
· When the precoder is SVD-based, the average performance gain of PUSCH transmission with 2 CWs is 2.1%~34.31%;
· When the precoder is generated based on DL Type 1 8Tx codebook, the average performance gain of PUSCH transmission with 2 CWs is 3.56%~24.82%.
Regarding the benefits of 2CWs for rank>4, the working assumption on supporting 2 CWs for UL transmission with rank>4 should be confirms.
Proposal 15: Confirm the following working assumption:
· For uplink transmission with rank>4, support dual CW transmission.
5. Full power transmission
In RAN1 #110bis-e, the following agreements were achieved on UL 8Tx with full power operation:
	Agreement
In Rel-18, on support of full power operation by a partial/non-coherent 8TX UE configured with codebook-based transmission, 
· Identify and agree on at least one potential PA architecture by RAN1 meeting #111


Since the cost of CPE/FWA/vehicle/Industrial devices are not as limited as traditional handheld devices, large amount of CPE/FWA/vehicle/Industrial devices with 8Tx can be configured with full power PAs for partial or all of antennas. It is our view that at least the full power transmission scheme with scaling factor s=1 for all precoders should be supported for UL 8Tx.
Proposal 16: On support of full power operation for UL 8Tx, at least the full power transmission scheme with scaling factor s=1 for all precoders is supported.
6. Conclusions
In this contribution, we provided our views on the enhancements for enabling UL 8Tx. We have the following proposals:
Observation 1: Regarding the performance of codebooks for partial-coherent 8Tx Ues,
· For both max rank=4 and max rank=8, Alt 2 outperforms Alt 1;
· For max rank=8, Alt 2-2 outperforms Alt 2-1 in terms of average throughput and 5% throughput, (about 5.4% and 2.6%, respectively), but the 95% performance of Alt 2-2 is slightly lower than that of Alt 2-1(2.9%).
Observation 2: Regarding the performance of codebooks for full-coherent 8Tx UEs,
· Phase error affects the performance of all the codebooks; 
· For NR DL Type I SP codebook with φ=180, the throughput of NR DL Type I SP codebooks with (O1,O2)=(4,1) and (O1,O2)=(2,1) is similar, and significant performance gain of codebook with (O1,O2)=(2,1) over that with (O1,O2)=(1,1) can be seen, about 13.9% in terms of average throughput. 
· Compared with NR DL Type I SP codebook , Alt2-a-1 shows a smaller performance fluctuation and the performance gain of average throughput over that with φ=0 is -2.8%~2.7% for φ=45, 90, 135 and 180.
· There is no obvious performance difference between Alt1-b-1 with (O1,O2)=(4,1) and Alt2-a-1. For φ = 45/180, Alt1-b-1 with (O1,O2)=(4,1) outperforms Alt2-a-1.
· For NR DL Type I MP codebook, phase error does not have a significant negative impact on the performance. Alt1-b-2 shows a small performance fluctuation on average throughput as well, about -2.1%~3.0%.
· For Alt2-a-2, the best performance is observed among codebooks for full coherent UEs. However, the number of precoders for rank 1 and rank 2 is far more than that of other codebooks. The precoder set still needs to be down-selected to ensure the fairness of comparison.
Observation 3: For 8Tx PUSCH with rank 5~8, compared to PUSCH transmission with 1 CW, 
· When the precoder is SVD-based, the average performance gain of PUSCH transmission with 2 CWs is 2.1%~34.31%;
· When the precoder is generated based on DL Type 1 8Tx codebook, the average performance gain of PUSCH transmission with 2 CWs is 3.56%~24.82%.

Proposal 1: For UL 8Tx with DFT-s-OFDM, precoding matrices in Table 1 are adopted for non-coherent codebook.
Proposal 2: For UL 8Tx operation, whether all or a subset of port selection precoding matrices are supported for non-coherent codebook is considered.
Proposal 3: For UL 8Tx operation, if only a subset of port selection precoding matrices are supported for non-coherent codebook, all port selection precoding matrices for low ranks(e.g. for rank=1,2) are kept, and down selection of precoding matrices for high ranks(e.g. for rank>2) are considered.
Proposal 4: For UL 8Tx operation, a subset or all of precoding matrices in non-coherent codebook included in partial-coherent codebook and full-coherent codebook is considered.
Proposal 5: For UL 8Tx partial-coherent UEs, the codebook can be generated based on NR Rel-15 UL 2TX/4TX codebooks, with the following two schemes considered:
· Alt 1: A codebook with the following structures:
· For rank = 1, , and ;
· For rank = 2/3/4, , , and ; 
· For rank > 4, ; 
· For partial-coherent precoders with Ng = 2(i.e. two coherent groups), , and are 4Tx precoders selected from full coherent precoders in Rel-15 UL 4Tx codebook, 
· For partial-coherent precoders with Ng = 4(i.e. four coherent groups), , and are 4Tx precoders selected from partial-coherent precoders in Rel-15 UL 4Tx codebook, 
· Alt 2: A codebook with the following structures:
· For rank4, ；
· For rank> 4, ;
· For partial-coherent precoders with Ng = 2(i.e. two coherent groups), , , , , and are 4Tx precoders selected from partial-coherent precoders in Rel-15 UL 4Tx codebook, 
· For partial-coherent precoders with Ng = 4(i.e. four coherent groups), , , , , and are 4Tx precoders selected from non-coherent precoders in Rel-15 UL 4Tx codebook.
Proposal 6: For UL 8Tx partial-coherent codebook, the port coherency scheme can be determined according to the design of partial-coherent codebook, e.g., 
· For Alt 1 in proposal 5, the following port coherency schemes are adopted:
· Two coherent groups of {0,1,2,3} and {4,5,6,7}
· Four coherent groups of {0,2}, {1,3}, {4,6}, and {5,7}
· For Alt 2 in proposal 5, the following port coherency schemes are adopted:
· Two coherent groups of {0,2,4,6} and {1,3,5,7}
· Four coherent groups of {0,4}, {1,5}, {2,6}, and {3,7}
Proposal 7: For codebook design for UL 8Tx full-coherent UEs with Ng=1, at least Alt1-b is supported.
Proposal 8: For UL 8Tx full-coherent UEs with 2 antenna groups, design of the UL 8Tx full-coherent codebook based on NR Rel-15 DL Type I MP codebook is considered.
Proposal 9: For 8 ports SRS for codebook based PUSCH transmission, enabling 8 ports by combing SRS ports in multiple SRS resources is supported.
Proposal 10: For codebook based 8Tx PUSCH transmission, only one SRI field is used for SRS resource indication.
Proposal 11: For codebook based PUSCH transmission with 8-port SRS resource(s) configured, using the same SRI indication scheme as that in Rel-17.
Proposal 12: For TPMI indication for codebook based 8Tx PUSCH, down select one of the following:
· Alt 1: The same TPMI indication framework as that in Rel-17 is supported, i.e., one TPMI field indicating one TPMI and TRI;
· Alt 2: A new TPMI indication framework is supported.
Proposal 13: For SRS configuration for non-codebook based 8Tx PUSCH, except for M-TRP transmission schemes, configuring multiple SRS resource sets is not supported.
Proposal 14: On SRI indication for non-codebook based 8Tx PUSCH, same framework as that in Rel-17 is used, i.e., one SRI field is used to indicate SRS resource(s) from the SRS resource set.
Proposal 15: Confirm the following working assumption:
· For uplink transmission with rank>4, support dual CW transmission.
Proposal 16: On support of full power operation for UL 8Tx, at least the full power transmission scheme with scaling factor s=1 for all precoders is supported.
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8. Annex
Table-I SLS simulation parameters for 8Tx UL operation
	Parameter
	Value

	Carrier frequency 
	3.5 GHz

	Bandwidth
	20 MHz

	SCS
	30 kHz

	Scenario
	Indoor FWA: Umi(ISD=200m),100% Indoor, 3Km/s

	Antennas at UE
(M,N,P,Mg,Ng)
	Ng=1
	4Tx: (1,2,2,1,1), (dH,dV)=(0.5,0.5)λ
8Tx: (2,2,2,1,1), (dH,dV)=(0.5,0.5)λ
        (1,4,2,1,1), (dH,dV)=(0.5,0.5)λ

	
	Ng=2
	8Tx: (1,2,2,1,2), (dH,dV)=(0.5,0.5)λ
(1,2,2,2,1), (dH,dV)=(0.5,0.5)λ

	Antennas at gNB
(M,N,P,Mg,Ng,Mp,Np)
	(8,8,2,1,1,4,8), (dH,dV)=(0.5,0.8)λ

	MIMO scheme
	SU-MIMO

	Modulation
	Up to 64 QAM

	Traffic model
	FTP model 1: Packet size 500KB, RU~= 50%

	UE power rating
	32 dBm (FWA, 38.101)

	Power control
	P0 = -50, Alpha = 0.8
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