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[bookmark: _Ref465963108]Introduction
In RAN plenary #94e, the work item on MIMO Evolution for Downlink and Uplink was approved [1]. One of the main objectives of the work item is enabling 8 Tx UL transmission, which is listed as below
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, the schemes to support enhancement for 8 Tx UL transmissions are discussed. 
[bookmark: _Ref525738522][bookmark: _Ref471731770][bookmark: _Ref462669569]8 Tx codebook based PUSCH
In Rel-15, a full coherent 4 Tx UE can be configured with full+partial+non-coherent precoder codebooks, i.e., Ng=1, 2, 4. A partial coherent 4 Tx UE can be configured with partial+non-coherent precoder codebook, i.e., Ng=2, 4. A noncoherent UE can only be configured with non-coherent precoder codebook, i.e., Ng=4. 
Now, in Rel-18, specification includes 4 different Ng, i.e., Ng=1, 2, 4, 8. The way to define supported precoder codebook can be quite complicated. This issue was discussed in RAN1#112bis-e, with the following agreement. 
Agreement
For codebook -based 8TX PUSCH transmission, down-select from,
· Alt1
· A fully-coherent UE (Ng =1) can be configured with precoders considered for at least one or more Ng cases, i.e., Ng =1, 2, 4, 8
· FFS which combinations of Ng value(s), to be considered
· A partially-coherent UE , with Ng =2 can be configured with precoders considered for at least one or more Ng cases, i.e., Ng =2, 4, 8
· FFS which combinations of Ng value(s), to be considered
· A partially-coherent UE , with Ng =4, can be configured with precoders considered for at least one or more  Ng cases, i.e., Ng= 4, 8
· FFS which combinations of Ng value(s), if any, to be considered
· A non-coherent UE , Ng =8, can only be configured with precoders considered for Ng = 8
· Alt2 
· A fully-coherent UE (Ng =1) can only be configured with precoders considered for one of Ng cases, i.e., Ng =1, 2, 4, 8
· FFS which Ng value(s), to be considered
· A partially-coherent UE , with Ng =2, can only be configured with precoders considered for one of Ng cases, i.e., Ng =2, 4, 8
· FFS which Ng value(s), to be considered
· A partially-coherent UE , with Ng =4, can only be configured with precoders considered for one of Ng cases, i.e., Ng =4, 8
· FFS which Ng value(s), to be considered
· A non-coherent UE , with Ng =8, can only be configured with precoders considered for Ng = 8
· FFS whether/how the configuration can be done via RRC or MAC-CE.
· Alt3
· A fully-coherent UE (Ng =1) can only be configured with precoders considered for Ng =1
· A partially-coherent UE , with Ng =2, can only use precoders considered for Ng =2
· A partially-coherent UE , with Ng =4, can only use precoders considered for Ng =4
· A non-coherent UE , with Ng =8, can only use precoders considered for Ng = 8
· Other alternatives are not precluded
Note: For an 8TX UE, Ng =8 can represent a non-coherent UE.

The main motivation in Rel-15 to allow full coherent UE uses partial or noncoherent precoder is avoid UE waste power on hand-blocked antennas in case of blockage. In other words, when gNB is aware of a subset of antenna ports are handblocked, gNB can use partial coherent or noncoherent precoders to avoid transmission on those antennas. Following this motivation, Alt 3 does not benefit UE in hand-blockage scenario at all. Alt 2 can benefit UE in hand-blockage scenario but requires RRC or MAC-CE signaling. Alt 1 can also benefit UE in hand-blockage scenario but would requires more DCI overhead. Considering Alt 1 is more aligned with Rel-15, it is preferred, with some consideration to not increasing DCI overhead too much. One way to control DCI overhead is that, in additional to the original Ng supported by the UE, the UE only support at most Ng=8, given that Ng=8 is the most useful codebook to do antenna selection to resolve the hand-blockage issue. 
Proposal 1: For codebook -based 8TX PUSCH transmission, adopt Alt 1 with the following modification.
· Alt1
· A fully-coherent UE (Ng =1) can be configured with precoders with at least Ng=1, 8. considered for at least one or more Ng cases, i.e., Ng =1, 2, 4, 8
· FFS whether support additional Ng(s). which combinations of Ng value(s), to be considered
· A partially-coherent UE , with Ng =2 can be configured with precoders with Ng=2, 8.  considered for at least one or more Ng cases, i.e., Ng =2, 4, 8
· FFS whether support additional Ng(s).  which combinations of Ng value(s), to be considered
· A partially-coherent UE , with Ng =4, can be configured with precoders with Ng=4, 8.  considered for at least one or more  Ng cases, i.e., Ng= 4, 8
· FFS which combinations of Ng value(s), if any, to be considered
· A non-coherent UE , Ng =8, can only be configured with precoders considered for Ng = 8
 
[bookmark: _Ref111138886][bookmark: _Ref101796887]Full coherent precoders with 8 Tx
Clarification of Ng for fully coherent 8 Tx
In RAN1 #110bis-e, the following agreement was made. 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

Regarding the FFS, in our view, Ng=2 or 4 does not apply the fully coherent 8 Tx. At UE side, when 8 Tx are coherent, all the 8 Tx must belong to the same antenna group, which means Ng=1. From UE implementation perspective, we also don’t see the motivation nor any benefit to implement 8 coherent Tx on two or four separate panels, because this would require UE to maintain phase coherency among different panels, which is very challenging requirement to meet. From specification perspective, supporting fully coherent 8 Tx in 2 or 4 antenna groups would require RAN1 define corresponding separate precoder codebook for them, in addition to the codebook for Ng=1. We don’t see the motivation to complicate the specification as well. 
Based on the above analysis, the following proposal is made. 
Proposal 2: For 8 Tx PUSCH in Rel-18, Ng=2, 4 are not applicable to fully coherent 8 Tx. 
Design of fully coherent Tx codebook 
[bookmark: _Ref118401893]Clarifying the scope of UL 8Tx full coherent CB design
For coherent 8 Tx codebook, the following was agreed in RAN1#111. Agreement
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


One can notice that Rel-15 single panel DL type 1 codebook supports two modes. Furthermore, in the W1*W2 structure of Rel-15 DL type 1 precoder, W2 (i2) is sub-band dependent. To simply UL 8 Tx precode design, we prefer only support codebook mode 1. We also prefer to clarify that UL sub-band dependent precoding is not in the scope of 8 Tx UL codebook design, based on the WID of Rel-18 MIMO. 
Proposal 3: For a fully coherent uplink precoding by an 8TX UE 
· Support NR Rel-15 single panel DL Type I codebook mode 1 as the starting point for design of the codebook
· Do not support sub-band based precoding.
Phase error impact to Alt 1b (PureDFT codebook)
In systems that employ antenna arrays, there are two kinds of mismatches among antennas:
· Mismatches due to the physical antenna system/structure: these include the effects of mutual coupling, tower effects, imperfect knowledge of the element locations, and amplitude and phase mismatches due to antenna cabling
· Mismatches due to hardware elements in each antenna TX/RX chain. These include analog filters, I and Q imbalance, phase and gain mismatch of LNA/PA on the chains, different nonlinearity effects, etc.
Without these mismatches (which is in an ideal world), one knows that the phase of Tx waveform from the antenna array perfectly follow a linear phase ramp as the following

where  is the transmitted signal and  is the linear phase ramp with  being the antenna index and  being the distance between two adjacent antennas. With this nice phase ramp property, DFT codebook is suitable for the antenna array without the above phase mismatches, because one can always quantize the linear phase ramp of an antenna array to the nearest DFT vector. As illustrated in Fig 5, the phase ramp factor of the antenna array is 0.55n, which is quantized to the DFT vector with phase ramp 0.5n.  
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[bookmark: _Ref115208931]Fig 5: illustrate of linear phase of 4 Tx with phase calibrated (no phase error)
With mismatch as mentioned above (which is in a real world), random phase error would be introduced in antenna arrays. With random phase error, as illustrated in Fig 6, given the phase of the 4 Tx in one polarization become [0, 0.95], it is not appropriate to quantize the phase of the 4Tx to any DFT vector due to the large quantization error. One should notice that even DFT oversampling can not solve this issue, as each oversampled DFT vector still requires linear phase, which cannot fit the nonlinear phase ramp 4 Tx. Therefore, DFT codebook is not a good choice for Tx without phase calibration. On the other hand, a non-DFT codebook, such as Rel-15 4 Tx UL codebook, is suitable for the 4 Tx with nonlinear phase due to uncalibrated error. The reason is because, for example, with rank 1 precoding, Rel-15 4 Tx precoders has 16 precoders, each of them naturally maintains a nonlinear phase ramp. Actually, in the following example, the best rank 1 precoder in Rel-15 4 Tx UL codebook that matches with the phases of the 4 Tx in this example is TPMI 23 [1, -1, -j, j]^T. With a relatively “rich” codepoints with nonlinear phase ramp, e.g., 16 precoders for rank 1, Rel-15 4 Tx UL codebook nicely span the whole space of the 4 Tx phases. Therefore, it is a better choice than DFT codebook.  
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[bookmark: _Ref115209274]Fig 6: illustrate of nonlinear phase of 4 Tx with random phase error
Regarding the range of the phase offset/error, based on current RAN4 specification 38.101 Section 6.4D.3 (copied as below), the phase offset/error across different Tx chain is [-]. The reason is because 4GHz RF frequency is corresponding to 0.25ns waveform duration, which means that [-0.125ns, 0.125ns] would already correspond to phase error [-]. Therefore, +/-130 ns would create [-] phase error, which after wrap around is [-]. Any phase error range that smaller than [-] would need pico seconds level TAE requirement, which does not exist in today’s RAN4 specification. [bookmark: _Toc21344346]6.4D.3        Time alignment error for UL MIMO
For UE(s) with multiple transmit antenna connectors supporting UL MIMO, this requirement applies to frame timing differences between transmissions on multiple transmit antenna connectors in the closed-loop spatial multiplexing scheme.
The time alignment error (TAE) is defined as the average frame timing difference between any two transmissions on different transmit antenna connectors.
For UE(s) with multiple transmit antenna connectors, the Time Alignment Error (TAE) shall not exceed 130 ns.

Hybrid codebook (mixture of DFT and non-DFT precoders)
Based on the discussion of impact of phase offset/error in Section 2.1.2.1, one can expect that a DFT codebook would performance well in case of no phase error or small phase error, while a non-DFT codebook would performance well in case of large phase error. Therefore, one more reasonable solution is constructing a hybrid codebook which includes precoders from both DFT and non-DFT codebooks. For example, as illustrated in Fig 7, we can take codebook originally based Alt 1b, removing the precoders with oversampling, then add some nonDFT precoders generated based on Alt 2a. It is expected that the added nonDFT precoders should be able to improve the performance of the codebook in case of large phase error/offset. 
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[bookmark: _Ref118402952]Fig 7: Principle of hybrid codebook (DFT + nonDFT precoders)
As an acknowledge of the above design principle, the following agreement was agreed in RAN1#111. Based on the agreement, a DFT precoder codebook (NR Rel-15 single panel DL Type I codebook) is adopted as the “backbone” for 8Tx coherent codebook, while non-DFT precoders can be added as “supplemental” precoders into the codebook.
The above agreement only decides that on high level, NR Rel-15 single panel DL Type I codebook is the starting point, denoted as DFT subcodebook, for designing 8 Tx coherent codebook. The details of the DFT subcodebook is still open, which needs to be settled. Agreement
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


One open issue of the DFT subcodebook design is the number of DFT precoders for each rank. There are basically two approaches to resolve this open issue. 
· Approach 1: strictly follow Rel-15 single panel DL type 1 codebook for each rank.
· Approach 2: Fine-tuning the number of precoders for each rank, while using Rel-15 single panel DL type 1 codebook as starting point.
It is admitted that approach 1 seems the most straightforward approach. However, based on further study on DFT subcodebook, it is found that approach 2 is the more reasonable approach from technical perspective, with details provided in the next section. 
Performance comparison of different codebooks
In the following, we show the performance of hybrid codebook is better than Alt 1b (pure DFT codebook). The key simulation assumptions for the performance evaluation are listed in Table 1. 
[bookmark: _Ref115345059]Table 1: UL 8Tx SLS Assumptions
	Parameter
	Value

	Scenario
	Outdoor FWA (38.901): UMa (ISD = 500 m), 100% Outdoor, 3Km/h

	Carrier frequency
	3.5 GHz

	Simulation BW
	20MHz

	gNB antenna array
	(8,8,2,1,1,4,8) with (𝑑H, 𝑑V) = (0.5, 0.8)𝜆

	UE max Tx power
	32 dBm (FWA, 38.101)

	UE antenna layout
	(M, N, P) = (1,4,2) for ULA
Antenna elements are spaced by 0.5λ, cross-polarized (0/+90 deg)

	UE antenna pattern
	8 dBi, 65° HPBW (Outdoor FWA)

	Traffic Models
	Full buffer

	Modulation
	Up to 256-QAM

	Power control
	Open loop, 
-    alpha = 0.8
-    P0 = -80 dBm  

	Phase offset range
	Phase Error ~ 𝑈 [ −θ, θ], θ = 0°, 45°, 90°, 135°, 180°

	UL codebook 
	Alt 1b (pure DFT CB with size 120)
Hybrid CB (DFT CB size 120 + 8 nonDFT precoders) 
Hybrid CB (DFT CB size 80+48 nonDFT precoders)



For ULA layout, with N1=4 and N2=1, a pure DFT codebook can be constructed as the following Table 2. Within this table, for each rank, Rel-15 spec for DL type 1 single panel CB mode 1 is followed, without reducing the number of precoders for any rank.  
[bookmark: _Ref127218591]Table 2: UL 8Tx size 120 CB (pureDFT precoders) for ULA (N1=4, N2=1) layout
	Rank
	# precoders 
	Notes of codebook construction method

	Rank 1
	16
	CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 

	Rank 2
	32
	CodebookMode=1, N1=4, N2=1, O1=1, O2=1, ,  

	Rank 3
	24
	CodebookMode=1, N1=4, N2=1, O1=1, O2=1, ,  ,1,2

	Rank 4
	24
	CodebookMode=1, N1=4, N2=1, O1=1, O2=1, ,  

	Rank 5
	8
	CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 

	Rank 6
	8
	CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 

	Rank 7
	4
	CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 

	Rank 8
	4
	CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 

	Sum
	120
	



Obviously, the above constructed codebook only has size 120. It can be supplemented with 8 nonDFT precoders, otherwise the 8 codepoints are wasted, as there are anyway 7 bits to signal a codebook with size 120. Based on simulation results and observed rank distribution, it is found that adding the 8 nonDFT precoders to rank 2, as shown in the following Table 3, can optimize the codebook performance.   
The method for selecting   nonDFT precoders generated via Alt 2a is illustrated as follows. Suppose we need add  nonDFT precoders to rank-2 to supplement the 32 DFT rank-2 precoders. Now, to optimize the performance of the hybrid codebook, the goal is to select the best 8 precoders from a rank-2 precoder set generated via Alt 2a, with a criterion that the selected nonDFT precoders should cover the space that cannot be covered by the DFT precoders. Since the size of CB set via Alt2a is large, it is difficult to jointly select 8 precoders in one shot. Alternatively, a suboptimal method is utilized to choose the 8 nonDFT precoder. Based on the existing 32 rank-2 DFT precoders, we first select one rank-2 nonDFT precoder from the Alt2a CB set and add it into the DFT precoder set. The rule for picking up the nonDFT precoder is targeting to maximize the minimal chordal distance between the new added precoder and all of the existing precoders in the set. We repeat the above procedure and add nonDFT precoders one by one until all the 8 rank-2 nonDFT precoders are added into the hybrid codebook. 
Based on the above method, we construct the hybrid CB (120 DFT precoders + 8 nonDFT precoders) by adding the 8 nonDFT precoders to rank 2 as shown in Table 3.
[bookmark: _Ref127218744]Table 3:  UL 8Tx size 128 hybrid CB (120 DFT precoders + 8 nonDFT precoders) for ULA (N1=4, N2=1) layout
	Rank
	# precoders 
	Constructed Hybrid codebook

	
	
	DFT precoders
	NonDFT precoders

	Rank 1
	16
	Size 16:  CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 
	Size 0

	Rank 2
	40
	Size 32: CodebookMode=1, N1=4, N2=1, O1=1, O2=1, ,  
	Size 8:
       

	Rank 3
	24
	Size 24: CodebookMode=1, N1=4, N2=1, O1=1, O2=1, ,  
	Size 0:


	Rank 4
	24
	Size 24: CodebookMode=1, N1=4, N2=1, O1=1, O2=1, ,  
	Size 0:
 

	Rank 5
	8
	Size 8: CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 
	Size 0

	Rank 6
	8
	Size 8: CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 
	Size 0: 

	Rank 7
	4
	Size 4: CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 
	Size 0: 

	Rank 8
	4
	Size 4: CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 
	Size 0: 

	Sum
	128
	120
	8



Inspired by the codebook in the above table, we consider reducing the number of DFT precoders and adding more nonDFT precoders to improve the performance of the CB in the scenario with larger phase error. As shown in the following Table 4, we can reduce the number of DFT precoders for rank 1,2,3,4 by choosing less  and  values while still following Rel-15 DL type 1 single panel CB construction, the freed up codepoints are used as nonDFT precoders for rank 2, 3, 4. The way to select nonDFT precoders for each rank is the same as the above method described for Table 3. As shown in Fig 8, this design in the following table (80 DFT precoders and 48 nonDFT precoders) could further improve the performance of the codebook, on top of the above Table 3(120 DFT precoders and 8 nonDFT precoders). Interestingly, it is also observed in Fig 10 that reducing the CB size from 120 to 80 does not reduce performance significantly, which is the underlying reason that we can replace those 40 DFT precoders by nonDFT precoders. 
[bookmark: _Ref127218852]Table 4: UL 8Tx size 128 hybrid CB (DFT CB size 80 + 48 nonDFT precoders) for ULA (N1=4, N2=1) layout
	Rank
	# precoders 
	Constructed Hybrid codebook

	
	
	DFT precoders
	nonDFT precoder

	Rank 1
	8
	Size 8:  CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 
	Size 0

	Rank 2
	38
	Size 16: CodebookMode=1, N1=4, N2=1, O1=1, O2=1, ,  
	Size 22:
                  

	Rank 3
	32
	Size 16: CodebookMode=1, N1=4, N2=1, O1=1, O2=1, ,  
	Size 16:
    


	Rank 4
	26
	Size 16: CodebookMode=1, N1=4, N2=1, O1=1, O2=1, ,  
	Size 10:
          

	Rank 5
	8
	Size 8: CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 
	Size 0

	Rank 6
	8
	Size 8: CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 
	Size 0: 

	Rank 7
	4
	Size 4: CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 
	Size 0: 

	Rank 8
	4
	Size 4: CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 
	Size 0: 

	Sum
	128
	80
	48



[bookmark: _Hlk127198699]In the following, the performance of the above three CBs (as listed in the above three tables, Table 2, Table 3, Table 4) are shown in Fig 8. It can be seen that hybrid CB yields better performance than PureDFT CB cross the board for all phase offset/error values. Even with only 45-degree phase offset/error, hybrid CB is slightly (0.3%) better than PureDFT CB. The gain of hybrid CB over PureDFT CB is larger with larger phase error. With 180-degree phase error, hybrid CB (120 DFT precoders+8 nonDFT precoders) is 2.7% better than PureDFT CB (120 DFT precoders). Apparently, given hybrid CB (120 DFT precoders+8 nonDFT precoders) is a super set of PureDFT CB (120 DFT precoders), it is straightforward that gain can be observed over PureDFT CB (120 DFT precoders). What looks promising here is that the gains are not small. It is observed that 6.3% gain for cell edge throughput, 2.7% gain for average throughput, and 2.1% for cell center throughput can be achieved, with 8 “free” rank 2 nonDFT precoders, as the 8 codepoints will be wasted if not using them. 
Furthermore, the more advanced hybrid CB (80 DFT precoders+48 nonDFT precoders) shows the best performance cross the board for all phase offset/error values, with 9.5% gain on cell edge throughput, 4.7% gain on average throughput, and 3.1% gain on cell center throughput, with 180 degrees phase error. Since rank 2, 3, 4 are used more frequently, we construct this hybrid CB by substituting part of DFT precoders of rank 2,3,4 with 48 nonDFT precoders as shown in Table 4. The underlaying fundamental reason that this design can yield the best performance is because we only keep the “essential” DFT precoders. As shown in Fig 10, with a reduced set of only 80 DFT precoders, it only results a performance degradation of 0.7%, comparing to a full set of 120 DFT precoder. Therefore, we can safely replace the 40 nonessential DFT precoders by nonDFT precoders to boost the performance in case of larger phase error. 
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[bookmark: _Ref118479198]Fig 8: Performance of Alt 1b (pureDFT CB) vs Alt 3 (hybrid CB) with ULA antenna layout
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Fig 9: Performance (Edge and center UE) of Alt 1b (pureDFT CB) vs Alt 3 (hybrid CB) with ULA antenna layout
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[bookmark: _Ref127197715]Fig 10: Performance of pure DFT codebook with different CB size for ULA antenna layout

Based on the above analysis and simulation result. We think the minimum RAN1 should do is filling those  “free” codepoint with nonDFT precoders. Therefore, the following proposal is made. 
Proposal 4: Update the agreement made in RAN1 #111 as the following.
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

Furthermore, it is also recommended that RAN1 study the more advanced approach to replace some “nonessential” DFT precoders with nonDFT precoders to explore the gain with this advanced approach. 
Proposal 5: For fully coherent 8 Tx codebook, further study the following hybrid codebook design. 
· Reduce the number of DFT precoders for rank 1,2,3,4 generated based on NR Rel-15 single panel DL Type I codebook.
· Add nonDFT precoders generated via Alt 2a to rank 2, 3, 4. 
Partial coherent 8 Tx codebooks
On CPE/FWA implementation, the easiest way to build 8 Tx might be installing multiple of the existing 2 Tx or 4 Tx antenna modules on a CPE/FWA. The multiple antenna modules can be installed on a same or a few different surfaces of the CPE/FWA devices. Across different antenna modules, it is usually very challenging, if not impossible, to keep coherence. Within a same antenna module, depends on that the antenna module itself consists of coherent or noncoherent antennas, those antennas can be coherent or noncoherent. 
Two examples of above-mentioned implementation are provided in Fig 11. In the first example (in left sub-figure), a CPE/FWA is equipped with 2 antenna modules. Antenna module 1 consists of 4 coherent antennas. Antenna module 2 also consists of 4 coherent antennas. The two modules are noncoherent due to hardware limitations, as they are two separated modules. For this CPE/FWA with partial coherent 8 Tx antennas, the most straightforward way to build 8 Tx precoder is selecting a precoder A for antenna module 1 from Rel-15 4 Tx codebook, and separately selecting a precoder B for antenna module 2 from Rel-15 4 Tx codebook. By concatenating two Rel-15 4 Tx precoders, an 8 Tx precoder with a block diagonal structure can be formed, as shown in left sub-figure of Fig 11. Similarly, if a CPE/FWA is equipped with 4 antenna modules, where each consists of 2 coherent antennas, a block diagonal 8 Tx precoder can be built by concatenating four of Rel-15 2 Tx precoders. 	
Of course, under this umbrella of building 8 Tx precoders via diagonally concatenating Rel-15 2 Tx and 4 Tx precoders, a more complicated cases such as mixed concatenating 2 Tx and 4 Tx precoders can be considered. However, for the progress of this work item, it is recommended to prioritize the study of the following two example scenarios as a starting point. 
[image: ]
[bookmark: _Ref101793816]Fig 11: Examples of partial coherent 8 Tx precoders based on Rel-15 4 Tx or 2 Tx precoders
In RAN1 #110bis-e, the following agreement is agreed. 
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


The above agreement provides a high-level guidance for codebook construction. The details of the constructing partial coherent and noncoherent precoders is shown in Table 5 and Table 6, where  represent k columns of a Rel-15 UL 4 Tx precoder,  represent k columns of a Rel-15 UL 2 Tx precoder. 
[bookmark: _Ref111128145]Table 5: Codebook structure for 8Tx partial coherent and noncoherent precoders constructed based on Rel-15 UL 4 Tx codebook
	Rank 1
	Rank 2
	Rank 3
	Rank 4

	Type 1: 

Type 2: 
	Type 1: 

Type 2: 

Type 3: 
	Type 1: 

Type 2: 

Type 3: 

Type 4: 
	Type 1: 

Type 2: 

Type 3: 

Type 4: 

Type 5: 

	Rank 5
	Rank 6
	Rank 7
	Rank 8

	Type 1: 

Type 2: 

Type 3: 

Type 4: 
	Type 1: 

Type 2: 

Type 3: 
	Type 1: 

Type 2: 
	Type 1: 



[bookmark: _Ref118313294]Table 6: Codebook structure for 8Tx partial coherent and noncoherent precoders constructed based on Rel-15 UL 2 Tx codebook
	Rank 1
	Rank 2
	Rank 3
	Rank 4

	Type 1: 

Type 2: 

Type 3: 

Type 4: 
	Type 1: 
Type 2: 
Type 3: 
Type 4: 
Type 5: 
Type 6: 
Type 7: 
Type 8: 
Type 9: 
Type 10: 



	Type 1: 
Type 2: 
Type 3: 
Type 4: 
Type 5: 
Type 6: 
Type 7: 
Type 8: 
Type 9: 
Type 10: 
Type 11: 
Type 12: 
	Type 1: 
Type 2: 
Type 3: 
Type 4: 
Type 5: 
Type 6: 


	Rank 5
	Rank 6
	Rank 7
	Rank 8

	Type 1: 
Type 2: 
Type 3: 
Type 4: 
Type 5: 
Type 6: 
Type 7: 
Type 8: 
Type 9: 
Type 10: 
Type 11: 
Type 12: 

	Type 1: 
Type 2: 
Type 3: 
Type 4: 

	Type 1: 
Type 2: 
Type 3: 
Type 4: 



	Type 1: 




The TPMI size per rank in the above Table 5 is listed in Table 7. It is obvious that the number of precoders are too large. Similar issue of too large codebook size exists for Table 6 as well. Therefore, RAN1 need to study how to reduce the size of the precoders.
[bookmark: _Ref111128225]Table 7: Codebook size for 8Tx partial coherent and non-coherent precoders constructed based on Rel-15 UL 4 Tx codebook
	Rank
	The number of 8Tx partial coherent and non-coherent precoders

	Rank 1
	28 + 28 = 56

	Rank 2
	22 + 22 + 28 * 28 = 828 

	Rank 3
	7 + 7 + 22 * 28 + 28 * 22 = 1246 

	Rank 4
	5 + 5 + 22 * 22 + 7 * 28 + 28 * 7 = 886 

	Rank 5 
	7* 22+22*7+5*28+28*5 = 588

	Rank 6
	7*7+ 5*22+22*5 = 269

	Rank 7
	5*7 + 7*5 = 70

	Rank 8
	5*5 = 25

	Sum of TPMI
	3968



With the above analysis, the following proposal is made.
Proposal 6: Following Table 5 and Table 6, NR Rel-18 concatenate existing Rel-15 4 Tx or 2 Tx PUSCH precoders to support 8 Tx PUSCH precoders with partial coherent or noncoherent 8 Tx.  
· FFS how to reduce the size of the codebook. 

Regarding how to reduce codebook size, the following agreements in RAN1#112 suggested several high-level directions such as only use full coherent 2 Tx or 4 Tx precoders to construct 8 Tx partial coherent codebook, or allowing only a subset of layer split across antenna groups. Agreement
For partially coherent uplink precoding by an 8TX UE codebook,
· When Ng=2
· Precoding design is based on Rel-15 UL 4TX codebook,
· Full-coherent precoders are used
· FFS whether partial-coherent precoders are needed
· When Ng=4, down-select from,
· Alt1:
· Precoding design is based on Rel-15 UL 2TX codebook,
· Full-coherent precoders are used
· Alt2:
· Precoding design is based on Rel-15 UL 4TX codebook,
· Partial-coherent precoders are used


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


With the above two agreements, the remaining issue whether additionally use 2Tx or 4Tx partial coherent precoders to construct 8 Tx partial precoders. On this open issue, we think using 2Tx and 4Tx full coherent precoder to construct 8 Tx partial precoders is sufficient. The partial coherency of 8 Tx partial coherent codebook is already captured by the antenna group selection in Table 5 and Table 6. There is no necessity to further introduce partial coherency within each antenna groups. 
Proposal 7: For partially coherent uplink precoding by an 8TX UE codebook,
· When Ng=2, do not support using Rel-15 UL 4 TX partial-coherent precoders to construct 8 Tx partial coherent codebook. 
· When Ng=4, do not support using Rel-15 UL 2 TX partial-coherent precoders to construct 8 Tx partial coherent codebook. 

Another open issue for partial coherent codebook design is whether allow all combinations of layer splitting between different antenna groups. On this issue, we have the following thoughts. 
· Antenna group selection precoders are useful, in case that one antenna group (panel) is hand-blocked.
· For precoders which split layers across multiple antenna groups, only keep the “even” or “almost even” layer splitting to reduce codebook size. 
· Even splitting means layers are evenly split to each of the multiple antenna groups.
· Almost even splitting means the difference between number of layers on different antenna groups is +1 or -1. 
· For two almost even split combinations with “reshuffled” ordering such as (2,1) and (1,2) on two antenna groups, it is preferred to keep only one split combination. 

Following the above principles, for Ng=2, the following working assumption is made in RAN1#112bis-e. Working Assumption
For partially coherent uplink precoding by an 8TX UE, Ng=2, 
· At least the following combinations of layer splitting are supported
· FFS: For rank>4, all the layers for each CW is mapped to only one antenna group
Rank
All layers in one Antenna Group
Layers split across 2 Antenna Groups
2
(2,0), (0,2)
· 
2
· 
(1,1)
3
(3,0), (0,3)
· 
3
· 
(1,2), (2,1)
4
(4,0), (0,4)
· 
4
· 
(2,2)
5
· 
(2,3), (3,2)
6
· 
(3,3)
7
· 
(3,4), (4,3)


For the case where layers are split across 2 antenna group, it is preferred to keep only one layer combination, as there is no fundamental different between (1,2) and (2,1), assuming (1,2) becomes (2,1) by rotating the antenna layout 180 degrees. For “FFS: For rank>4, all the layers for each CW is mapped to only one antenna group”, it is not clear what is the benefit to adopt this rule. Therefore, it is suggested not adopting this rule, unless the motivation is clarified by proponenets.  
With the above analysis, we have the following proposal. 
Proposal 8: Confirm the following working assumption made in RAN1#112bis-e with the following modification.
For partially coherent uplink precoding by an 8TX UE, Ng=2, 
· At least the following combinations of layer splitting are supported
· FFS: For rank>4, all the layers for each CW is mapped to only one antenna group
	Rank
	All layers in one Antenna Group
	Layers split across 2 Antenna Groups

	2
	(2,0), (0,2)
	· 

	2
	· 
	(1,1)

	3
	(3,0), (0,3)
	· 

	3
	· 
	(1,2), (2,1)

	4
	(4,0), (0,4)
	· 

	4
	· 
	(2,2)

	5
	· 
	(2,3), (3,2)

	6
	· 
	(3,3)

	7
	· 
	(3,4), (4,3)


Similarly, for Ng=4, the following proposal is made to update the agreement made in RAN1#112bis for down selection the layer splitting cases. 
Proposal 9: Update the agreement made in RAN1#112bis-e with the following down-selection.
For partially coherent uplink precoding by an 8TX UE codebook, Ng=4, 
· In addition to the previously agreed cases, down-select from support the rank and layer splitting cases listed below 
	Rank
	All layers in one Antenna Group
	Layers split across 4 Antenna Groups
(All possible permutations)

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

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

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

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

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



Regarding SRI/TPMI signalling details, the following agreement was made in RAN1 #112bis-e. Agreement
For partially coherent 8TX precoding with Ng =2, the precoder is based on up to two full-coherent 4TX precoders. Down-select one of the following options for precoder indication,
· Option 3 – Up to two 4TX TPMIs are indicated,
· When two TMPIs are indicated, the first is applied on one of antenna group, and the second is applied on the other antenna group,
· FFS : details of TPMI indication when one antenna group is used
· Option 4 – A single 8TX TPMI is indicated
· Other options are not precluded


 Given the codebook design in Table 5 and Table 6, there is no need to use multiple TPMI for codebook based PUSCH. One TPMI can indicate a precoder which span over 8 Tx ports. Therefore, the following proposal is made. 
Proposal 10: Following Table 5 and Table 6, a single 8 Tx TPMI is used to signal the precoder index for partial coherent 8 Tx PUSCH, i.e., adopt option 4 agreed in RAN1#112bis-e.
Regarding the port indexing for partial-coherent and non-coherent precoders, the following agreement was made in RAN1 #110bis-e. 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}
· Alt3: four coherent groups of {0, 2}, {4, 6}, {1, 3} and {5, 7}
· Note: Other alternatives which are not foreseen are not precluded


The port indexing does not change the design essence of the codebook, therefore, any of the above alternatives could work. However, to make notation of the codebook more convenient, keeping continuous port indices for ports in a coherent group is preferred. Following this principle, it is prefer to adopt Alt 3 for Ng=2, and Alt 2 for Ng=4. 
Proposal 11: For codebook design of an 8TX partial-coherent UE, configured with an 8-port SRS resource
· For when Ng=2, the following convention for assumption of port coherency scheme is used
· Alt 3: two coherent groups of {0,1,2,3} and {4,5,6,7}  
· For when Ng=4, the following convention for assumption of port coherency scheme is used
· Alt 2: four coherent groups of {0,1}, {2,3}, {4,5}, and {6,7}
Non-coherent 8 Tx codebook
For non-coherent 8 Tx, the following agreement on codebook design is made in RAN1#112bis-e. Agreement
For non-coherent uplink precoding with rank≤8 by an 8TX UE, down-select from
· Alt1. – All 255 combinations from 8 non-coherent rank1 precoders are supported
· Alt2. – Only a subset of Alt1. is supported, striving for a substantial reduction in the number of precoders


We think non-coherent 8 Tx is the baseline for 8 Tx PUSCH, i.e., the first generation of 8 Tx FWA/CPE devices are like with 8 non-coherent Tx. Therefore, it is critical to make sure the performance of non-coherent 8 Tx codebook is not degraded due to unnecessary size reduction. Unless RAN1 can make confident conclusion that codebook size reduction would not reduce the performance of 8 Tx non-coherent codebook, it is safer to adopt Alt 1 to keep the full size for non-coherent codebook. Of course, if proponents are Alt 2 can provide justified codebook reduction method with simulations showing only tolerable performance degradation, we are open to consider Alt 2 as well. 
Proposal 12: 8 Tx noncoherent codebook size reduction can be considered only if minor performance reduction is observed. 
8 Tx non-codebook based PUSCH
For non-codebook based PUSCH, the enhancement for 8 Tx is relatively simple, as there is no precoder codebook design involved. The only enhancement identified is on the enhancement of SRI signalling to indicate the up to 8 SRS ports to transmit PUSCH. 

The necessary SRI enhancements are heavily dependent on the adopted SRS enhancements for 8 Tx, which are discussed in detail in an accompanied contribution [2].  In below, a summary of SRS enhancement for 8 Tx is provided. 

If 8 SRS ports are sounded via a single SRS resource set, as illustrated in Fig 12. The SRI enhancement is simply expanding the bit width the SRI field in DCI to indicate the total number of combinations of X ports, which is:, where  denotes the number of combinations of choose X ports out of 8 ports. 

[image: ]
[bookmark: _Ref101816902]Fig 12: 8 SRS ports are sounded via a single SRS resource for NCB based PUSCH

If 8 SRS ports are sounded via multiple SRS resource sets, as illustrated in Fig 13. Multiple SRI fields, e.g., 2, might be needed in the DCI scheduling 8 Tx NCB PUSCH. The details of bit-width of SRI field for each SRS resource set can be further studied. 

[image: ]
[bookmark: _Ref101817161]Fig 13: 8 SRS ports are sounded via two SRS resource sets for NCB based PUSCH 
In RAN1 110bis-e, regarding this open issue, the following is agreed. 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.


Regarding the FFS, given that SRS power control parameters are configured per SRS resource set, it is beneficial to allow multiple SRS resource sets, one for each UL panel, to allow different power for SRS sounding. 

With the above discussion, the following proposal is made for non-codebook based PUSCH with 8 Tx. 

Proposal 13: For SRS configuration for non-codebook UL transmission for an 8TX UE, further support configuration of up to two, or four SRS resource sets, each configured with up to 4, or 2 single-port SRS resources, respectively.
For non-codebook based PUSCH, regarding the SRI indication, the following agreement was made in RAN1 #112. Agreement
For NCB-based 8TX PUSCH transmission with , where  is the number of configured single-port SRS resources in a resource set,
· All SRS port combinations are supported
· For SRI indication, down-select from,
· Option 1: Use an  bit length bitmap 
· Option 2: Use a legacy-based solution
· Consideration of Lmax for SRI indication
For , Rel-15 SRI indication is reused


Given that for the baseline for , Rel-15 SRI indication is reused. It is beneficial to have a unified design between  and . Therefore, option 2 is preferred for 
Proposal 14: For SRI indication for NCB-based 8TX PUSCH transmission with , support Option 2: Use a legacy-based solution, as in Rel-15. 
Specification enhancement for 2 CWs PUSCH 
UCI multiplexing on dual CWs
In RAN1#112bis-e, the following agreement was made for UCI multiplexing on 2CWs PUSCH. Agreement
To support UCI multiplexing on PUSCH for transmission with rank>4 by an 8TX UE, UCI is always multiplexed only on one of the scheduled CWs
· Alt2: The CW with the higher MCS index (if MCS indices are the same, UCI is multiplex on the first CW)
· Note: in case of PUSCH retransmission, the initial MCS is used for CW selection.


With this main issue resolved, the rest of UCI multiplexing issues are relatively small. However, there are still a few open issues RAN1 need to resolve.  
The first issue is how to deal with the case where UCI multiplexing on a PUSCH without UL-SCH. According 38.212, in PUSCH scheduling DCI, “UL-SCH indicator” can indicate the PUSCH does not carry any UL-SCH, as follows, with the motivation to use this PUSCH to carry large payload size A-CSI (plus HARQ-ACK if exists). -	UL-SCH indicator – 1 bit. A value of "1" indicates UL-SCH shall be transmitted on the PUSCH and a value of "0" indicates UL-SCH shall not be transmitted on the PUSCH. Except for DCI format 0_1 with CRC scrambled by SP-CSI-RNTI, a UE is not expected to receive a DCI format 0_1 with UL-SCH indicator of "0" and CSI request of all zero(s).


In this case, this scheduling DCI would still have two MCS fields, one for each CWs. The question is how to interpret these two MCS fields. One should notice that the MCS of PUSCH without UL-SCH is utilized to determine the rate matching for UCIs that multiplexed on this PUSCH, according to the following specification (highlighted in light blue) in 38.212. Therefore, there are two options to interpret the two MCS fields. 
· Option 1: UE falls back to Rel-15 specification and treats this PUSCH as if it is a single TB PUSCH. UCIs are multiplexed on the resources (layers and REs) of the first CW. UE use the first CW’s MCS to derive the rate matching for UCIs.  
· Option 2: UE still treats this case as if a nominal 2CWs PUSCH with UL-SCH. UCIs are multiplexed on the CW with higher MCS. If the two CWs have same MCS, UCIs are multiplexed on the 1st CW. The selected CW’s MCS is used to derive the rate matching of the UCIs. 
Both options can work well. Between the two options, option 2 is more aligned with existing agreement on norminal PUSCH with UL-SCH. Therefore, it is slightly preferred to adopt option 2 for PUSCH without UL-SCH.  
For HARQ-ACK transmission on PUSCH without UL-SCH, the number of coded modulation symbols per layer for HARQ-ACK transmission, denoted as , is determined as follows:

	
%------------------------------------------------------unrelated spec text skipped-----------------------------------------------------%

-	 is the code rate of the PUSCH, determined according to Subclause 6.1.4.1 of [6, TS38.214];

-	 is the modulation order of the PUSCH;
%------------------------------------------------------unrelated spec text skipped-----------------------------------------------------%

For CSI part 1 transmission on PUSCH without UL-SCH, the number of coded modulation symbols per layer for CSI part 1 transmission, denoted as , is determined as follows:
if there is CSI part 2 to be transmitted on the PUSCH,

	
%------------------------------------------------------unrelated spec text skipped-----------------------------------------------------%

-	 is the code rate of the PUSCH, determined according to Subclause 6.1.4.1 of [6, TS38.214];

-	 is the modulation order of the PUSCH.





Proposal 15: For a rank>4 PUSCH without UL-SCH, UCIs are multiplexed on the CW with the higher MCS index (if MCS indices are the same, UCI is multiplex on the first CW). The MCS of the selected CW is used to determine rate matching for the multiplexed UCIs. 

Another open issue RAN1 need to settle is whether the two CWs in one PUSCH transmission can support different PHY layer priorities, i.e., whether it is allowed to transmit one TB with high priority, while another TB with low priority? Apparently, allowing two different PHY priorities for the two TBs in one PUSCH would significantly complicate the dual CWs PUSCH design. Therefore, to simplify the dual CWs PUSCH design and the UCI multiplexing aspects associated with it, the following proposal is made. 
Proposal 16: in Rel-18, for a PUSCH transmission with 2 TBs/CWs, the two TBs/CW are with a same PHY layer priority. 
CG-PUSCH with 2 CWs
For 2 CWs PUSCH transmission, one issue that might be missed in previous meetings is the CG-PUSCH with 2 CWs. 
First of all, based on the following WID and the RAN1 agreements made in previous meetings, the scope of 8 Tx PUSCH should include CG-PUSCH, as the wording in both WID and RAN1 agreements are quite generic. Without explicated limit the scope to only DG-PUSCH, the generic agreements should cover CG-PUSCH as well.  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.


With the above analysis, the following proposal is made. Working Assumption
For uplink transmission with rank>4, support dual CW transmission.

Proposal 17: Confirm the scope of Rel-18 8Tx PUSCH includes CG-PUSCH with 2 TBs/CWs and up to 8 layers. 
For CG-PUSCH with 2 CWs, the major open issue is how to transmit CG-UCI with the CG-PUSCH. In Rel-16, CG-UCI is introduced for CG-PUSCH in NR-U, which allows UE to autonomously decides HARQ ID, NDI, and RV for each CG occasion (of a single TB). In addition, CG-UCI also include a field to provide channel occupation time (COT) sharing information. The following is the mapping order of CG-UCI fields in Rel-16 spec. 
[image: ]
In Rel-18, as we are enhancing the CG-PUSCH to 2 TBs/CWs, similarly as the MCS/NDI/RVID enhancement for 2 CWs DG-PUSCH, RVID and NDI should be added in the CG-UCI for the second TB/CW. For type 1 CG-PUSCH, MCS for the second TB/CW should be configured by RRC, together with the MCS for the first TB for the CG-PUSCH. For type 2 CG-PUSCH, MCS for the second TB/CW can be given in the DCI scrambled with CS-RNTI. 
Proposal 18: For CG-PUSCH with 2 TBs/CWs, support new CG-UCI fields of “Redundancy version” and “new data indicator” for the second TB/CW. 
One open issue, similar to the enabling/disabling of the second TB for DG-PUSCH, is how to enable/disable the second TB in the CG-PUSCH. To solve this issue, a simple proposal is adding one bit in the CG-UCI of the first TB to indicate the second TB exist or not. Other solutions can also be considered. 
Another open issue, again similar to DG-PUSCH, is how to multiplex the CG-UCI for the two TBs on the CG-PUSCH. On high level, there are two options can be considered.
· Option 1: jointly encoding the CG-UCIs of the two TBs and multiplexing them on one TB of the CG-PUSCH. 
· Option 2: separately encoding the CG-UCIs of the two TBs and multiplexing encoded CG-UCI for a particular TB on that TB of the CG-PUSCH. 

Proposal 19: For CG-PUSCH with 2 TBs/CWs, study the following
· How to enable/disable the second CW of the CG-PUSCH
· How to multiplex the CG-UCIs for the two TBs/CWs onto the CG-PUSCH.
8 Tx full power UL transmission
For non-coherent and partial-coherent 8 Tx PUSCH, the full power transmission specified in Rel-16 can be extended to support full power transmission for 8 Tx in a straightforward way with minimum spec impact. 

For full power mode 0, a UE with 8 Tx, where each Tx is equipped with full power PA, can simply transmit full power with any 8 Tx precoders supported by Rel-18 specification to be standardized. Mode 1 supports full power by allowing non-coherent/partial coherent UEs to transmit with full coherent 8 Tx precoders via UE implementation transparent to specification such S-CDD. Mode 2 virtualize SRS port(s) to support full power, following a similar way as in Rel-16. 

[image: A picture containing timeline
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Fig 15: Examples for full power mode 0/1/2 with 8 Tx PUSCH 
Among the above three mode, one can see that mode 0 is not useful in practice for an 8 Tx UE, as it would require the UE to equip with 8 full power rated PAs, which is highly unlikely due to high cost. For mode 1, it requires UE to perform S-CDD across 8 Tx chains. While selecting time delay values across 2 Tx chain is straightforward, selecting appropriate delay values for 8 Tx chains might not be easy. For mode 2, not all UEs can support antenna virtualization which is required for mode 2.  
To make mode 0 more practical, we can introduce a slightly modified new mode 0, which is referred as mode 0A. With mode 0A, UE apply the power scaling factor , which is total power of the light up PAs divided by total power calculated based on power control equation, according to the following equation
 = ,
where  is the power scaling factor of PA of the i-th Tx port,  if i-th Tx port is light up in the PUSCH transmission,  otherwise.
The main benefit of mode 0A is allowing UE without full rated PA on all Tx chains to transmit with power higher than max power specified by Rel-15, if the UE does not support Rel-16 full power mode 1/2. 
This benefit of Mode 0A can be illustrated by the example as shown in Fig 16 and Table 8. For a UE does not support Rel-16 full power mode 1/2, it has the following two choices. 
· Fallback to Rel-15, which set power scaling factor equals to number of active PUSCH ports divide by 8. With any noncoherent precoder, power scaling factor is 1/8. Even with partial coherent precoder, power scaling factor is less than 1. 
· Apply mode 0A: for noncoherent precoders, power scaling factor equals . For partial coherent precoders, power scaling factor equals . For example, if precoder [1,0,0,0,0,0,0,0]^T is used, full power can be transmitted because . If precoder [0,1,0,0,0,0,0,0]^T is used, 20dBm for a PC3 UE can be transmitted because . Of course, this is not full power (23dBm) transmission for all precoders. But it is still better than fallback to Rel-15. 

Apparently, mode 0A can at least partially harvest the gain of full power transmission by simply set the total power scaling factor according to the sum of power scaling factors of all active Tx ports. Furthermore, it is a simple enhancement which does not impact much to UE implementation. 

[image: ]
[bookmark: _Ref115279767]Fig 16: Example of a UE with 8 Tx and 8 PAs 
[bookmark: _Ref115279792]Table 8: power scaling factor  for i-th Tx port for the above example
	Tx port index
	Power scaling factor

	Tx port 1
	

	Tx port 2
	

	Tx port 3
	

	Tx port 4
	

	Tx port 5
	

	Tx port 6
	

	Tx port 7
	

	Tx port 8
	



With the above analysis, the following proposal is made. 
Proposal 20: Full power operation for a partial/non-coherent 8TX UE should support at least PA architecture which does not have full rated PA on each of the 8 Tx chains. 
Proposal 21: In addition to reusing Rel-16 full power mode 0/1/2, support a new mode 0A for full power transmission for PUSCH with 8 Tx. 
· Mode 0A set the power scaling factor  =  for a PUSCH transmission, where  is the power scaling factor the i-th Tx port.  if i-th Tx port is used in the PUSCH transmission,  otherwise.

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


On the two working assumptions, there is no concern on full power mode 1. Given that full power mode 1 is implemented by UE via treating a full coherent precoder as S-CDD, the phase difference among different Tx ports in the full coherent precoder is ignored. Therefore, there is no need to introduce more than one full coherent precoder per rank, which was the same principle adopted in Rel-16. For full power mode 2, the main challenge is defining/portioning the full power precoder groups for UE capability signaling, due to the large codebook size for Rel-18 full+partial+non-coherent precoders. Although we have concerns to confirm the working assumption for full power mode 2, it is acceptable to confirm the working assumptions for both mode 1 and mode 2, assuming RAN1 would eventually solve the full power precoder grouping problem for mode 2. 
 Proposal 22: Confirm the working assumption for full power mode 1 and 2, with the following modification. 
· To support full power transmission with Mode1, Rel-16 Mode1 (fullPowerMode1) is re-used.
· FFS if more than Only one of the 8TX full coherent precoders is used per rank. 
· To support full power transmission with Mode2, Rel-16 Mode2 (fullPowerMode2) is re-used.
· FFS definition of precoder groups (G0, G1, …)
· FFS enhancements for SRS configuration. 
Conclusions
In summary, we have the following proposals for 8 Tx UL transmission for Rel-18 MIMO evolution. 
Proposal 1: For codebook -based 8TX PUSCH transmission, adopt Alt 1 with the following modification.
· Alt1
· A fully-coherent UE (Ng =1) can be configured with precoders with at least Ng=1, 8. considered for at least one or more Ng cases, i.e., Ng =1, 2, 4, 8
· FFS whether support additional Ng(s). which combinations of Ng value(s), to be considered
· A partially-coherent UE , with Ng =2 can be configured with precoders with Ng=2, 8.  considered for at least one or more Ng cases, i.e., Ng =2, 4, 8
· FFS whether support additional Ng(s).  which combinations of Ng value(s), to be considered
· A partially-coherent UE , with Ng =4, can be configured with precoders with Ng=4, 8.  considered for at least one or more  Ng cases, i.e., Ng= 4, 8
· FFS which combinations of Ng value(s), if any, to be considered
· A non-coherent UE , Ng =8, can only be configured with precoders considered for Ng = 8.
 
Proposal 2: For 8 Tx PUSCH in Rel-18, Ng=2, 4 are not applicable to fully coherent 8 Tx. 
Proposal 3: For a fully coherent uplink precoding by an 8TX UE 
· Support NR Rel-15 single panel DL Type I codebook mode 1 as the starting point for design of the codebook
· Do not support sub-band based precoding.

Proposal 4: Update the agreement made in RAN1 #111 as the following.
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

Proposal 5: For fully coherent 8 Tx codebook, further study the following hybrid codebook design. 
· Reduce the number of DFT precoders for rank 1,2,3,4 generated based on NR Rel-15 single panel DL Type I codebook.
· Add nonDFT precoders generated via Alt 2a to rank 2, 3, 4. 

Proposal 6: Following Table 5 and Table 6, NR Rel-18 concatenate existing Rel-15 4 Tx or 2 Tx PUSCH precoders to support 8 Tx PUSCH precoders with partial coherent or noncoherent 8 Tx.  
· FFS how to reduce the size of the codebook. 

Proposal 7: For partially coherent uplink precoding by an 8TX UE codebook,
· When Ng=2, do not support using Rel-15 UL 4 TX partial-coherent precoders to construct 8 Tx partial coherent codebook. 
· When Ng=4, do not support using Rel-15 UL 2 TX partial-coherent precoders to construct 8 Tx partial coherent codebook. 

Proposal 8: Confirm the following working assumption made in RAN1#112bis-e with the following modification.
For partially coherent uplink precoding by an 8TX UE, Ng=2, 
· At least the following combinations of layer splitting are supported
· FFS: For rank>4, all the layers for each CW is mapped to only one antenna group
	Rank
	All layers in one Antenna Group
	Layers split across 2 Antenna Groups

	2
	(2,0), (0,2)
	· 

	2
	· 
	(1,1)

	3
	(3,0), (0,3)
	· 

	3
	· 
	(1,2), (2,1)

	4
	(4,0), (0,4)
	· 

	4
	· 
	(2,2)

	5
	· 
	(2,3), (3,2)

	6
	· 
	(3,3)

	7
	· 
	(3,4), (4,3)



Proposal 9: Update the agreement made in RAN1#112bis-e with the following down-selection.
For partially coherent uplink precoding by an 8TX UE codebook, Ng=4, 
· In addition to the previously agreed cases, down-select from support the rank and layer splitting cases listed below 
	Rank
	All layers in one Antenna Group
	Layers split across 4 Antenna Groups
(All possible permutations)

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

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

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

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

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



Proposal 10: Following Table 5 and Table 6, a single 8 Tx TPMI is used to signal the precoder index for partial coherent 8 Tx PUSCH, i.e., adopt option 4 agreed in RAN1#112bis-e.
Proposal 11: For codebook design of an 8TX partial-coherent UE, configured with an 8-port SRS resource
· For when Ng=2, the following convention for assumption of port coherency scheme is used
· Alt 3: two coherent groups of {0,1,2,3} and {4,5,6,7}  
· For when Ng=4, the following convention for assumption of port coherency scheme is used
· Alt 2: four coherent groups of {0,1}, {2,3}, {4,5}, and {6,7}

Proposal 12: 8 Tx noncoherent codebook size reduction can be considered only if minor performance reduction is observed. 
Proposal 13: For SRS configuration for non-codebook UL transmission for an 8TX UE, further support configuration of up to two, or four SRS resource sets, each configured with up to 4, or 2 single-port SRS resources, respectively.
Proposal 14: For SRI indication for NCB-based 8TX PUSCH transmission with , support Option 2: Use a legacy-based solution, as in Rel-15. 
Proposal 15: For a rank>4 PUSCH without UL-SCH, UCIs are multiplexed on the CW with the higher MCS index (if MCS indices are the same, UCI is multiplex on the first CW). The MCS of the selected CW is used to determine rate matching for the multiplexed UCIs. 

Proposal 16: in Rel-18, for a PUSCH transmission with 2 TBs/CWs, the two TBs/CW are with a same PHY layer priority. 
Proposal 17: Confirm the scope of Rel-18 8Tx PUSCH includes CG-PUSCH with 2 TBs/CWs and up to 8 layers. 
Proposal 18: For CG-PUSCH with 2 TBs/CWs, support new CG-UCI fields of “Redundancy version” and “new data indicator” for the second TB/CW. 
Proposal 19: For CG-PUSCH with 2 TBs/CWs, study the following
· How to enable/disable the second CW of the CG-PUSCH
· How to multiplex the CG-UCIs for the two TBs/CWs onto the CG-PUSCH.

Proposal 20: Full power operation for a partial/non-coherent 8TX UE should support at least PA architecture which does not have full rated PA on each of the 8 Tx chains. 
Proposal 21: In addition to reusing Rel-16 full power mode 0/1/2, support a new mode 0A for full power transmission for PUSCH with 8 Tx. 
· Mode 0A set the power scaling factor  =  for a PUSCH transmission, where  is the power scaling factor the i-th Tx port.  if i-th Tx port is used in the PUSCH transmission,  otherwise.

Proposal 22: Confirm the working assumption for full power mode 1 and 2, with the following modification. 
· To support full power transmission with Mode1, Rel-16 Mode1 (fullPowerMode1) is re-used.
· FFS if more than Only one of the 8TX full coherent precoders is used per rank. 
· To support full power transmission with Mode2, Rel-16 Mode2 (fullPowerMode2) is re-used.
· FFS definition of precoder groups (G0, G1, …)
FFS enhancements for SRS configuration.
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