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Introduction
The Rel-19 WID on NR MIMO Phase 5 [1][2] specifies the following objectives on CSI enhancements.
	2. Specify CSI support for up to 128 CSI-RS ports, targeting FR1
a. Type-I codebook refinement supporting up to a total of 128 CSI-RS ports across all resources, assuming legacy CSI-RS resources (with up to 32 CSI-RS ports per resource), based on extension of legacy codebooks
b. Type-II codebook refinement supporting up to a total of 128 CSI-RS ports across all resources, assuming legacy CSI-RS resources (with up to 32 CSI-RS ports per resource), based on extension of legacy codebooks, without modifying any codebook parameter other than introducing additional values for the number of ports codebook parameter(s)
c. Extension of CRI(s)-based CSI reporting (CQI/PMI/RI calculated per CRI for ≥1 CRIs) for hybrid beamforming supporting up to a total of 128 CSI-RS ports across all resources, with up to 32 CSI-RS ports per resource, without new codebook design



In this contribution, we provide our views on Rel 19 CSI enhancements for supporting up to 128 CSI-RS ports. Based on the agreement in RAN#116bis meeting [3], study of various codebook schemes is suggested to refine Rel-19 Type-I codebook. This contribution addresses some of the study aspects in these schemes.
CSI Refinements for up to 128 ports
Type I SP Codebook Refinement for RI > 4
Legacy Type-I SP codebook for RI = 5-8 proposed in earlier releases needs to be refined to support larger than 32 CSI-RS ports. Towards this, Schemes 1 to 4 are identified in RAN#116bis [3] to support higher ranks for up to 128 CSI-RS ports.
	Agreement
For the Rel-19 Type-I SP codebook refinement for 48, 64, and 128 CSI-RS ports with RI=5-8, decide, by RAN1#117, from the following schemes:
· Scheme1: adding new (N1, N2) values for the Rel-15 Type-I RI=5-8
· Scheme2: 
· W1 structure: Independent selection of different ceil(v/2) SD basis vectors for RI = v, where each SD basis vector is applied to two respective layers except that, if v is odd, the last SD basis vector is applied to the orphan layer. Each of the SD basis vectors is freely selected from a group of N1N2 orthogonal SD DFT basis vectors via combinatorial indication 
· FFS: mapping between v layers and ceil(v/2) SD basis vectors
· FFS: support of 4 selected SD basis vectors for RI=5-6
· W2 structure:
· For inter-polarization co-phasing, M (e.g., M = 4) codepoints for the orphan layer and M/2 codepoints for two layers sharing a same SD basis vector;
· A fixed  rotation of inter-polarization co-phasing between two layers sharing a same SD basis vector to achieve layer orthogonality.
· Scheme3: the 1st beam is freely selected and subsequent 2 beams (RI=5-6) or 3 beams (RI=7-8) are freely selected such that they are orthogonal in at least one dimension (horizontal or vertical). Layers are mapped to the selected SD basis vectors following legacy Rel-15 for RI=5-8. One co-phasing across all layers ∈{1,j} following legacy Rel-15 Type-I RI=5-8
· Scheme4: concatenate two independently calculated RI=1-4 PMIs for RI=5-8 to reduce UE complexity where each PMI is calculated from the agreed RI=1-4 codebook (Scheme-A or Scheme-B) and the CQI for each of the two CWs is derived assuming it is received by one antenna group of 4 antenna ports (FFS: Whether additional mapping between the two PMIs and the two UE antenna groups is needed)
· Other schemes are not precluded


Scheme 1 (baseline)
For Release 19 Type-I codebook refinement with new (N1, N2) values added to legacy Rel15 Type-I single panel codebook, extending legacy codebook configurations for higher rank case is the simplest strategy with easier realization. With this motivation we analyse Scheme 1 implementation.
In the existing Type-I SP codebook design, the SD basis vectors for different layers are selected with fixed offsets. Moreover, the polarization co-phasing for layer multiplexing is being applied to the common SD basis vectors in a restricted manner. For instance, the subband level  reporting identifies the phase shift for a few layer pairs, whereas the other pairs have a fixed co-phasing of {1}. This restricts the possibility of adapting co-phasing phase shift between antenna polarization for higher layer’s SD basis vectors to adapt to channel variations. Therefore, it is reasonable to follow the co-phasing phase shift for all layer pairs. 




where  are SD bases with fixed offsets and  are layer common, in alignment with the existing legacy Rel 15 implementation. 
The incremental change of providing polarization co-phasing phase shift to all supported layers will provide improved channel adaptation (both wideband and sub-band) for higher layers as well, particularly for the narrow beam transmissions with increased antenna ports. 
For Rel-19 Type-I SP codebook refinement for up to 128 CSI-RS ports  = 5-8, support Scheme 1 as baseline due to its straightforward and simple design.
Regarding Scheme 1 implementation wherein the SD bases for different layers are selected with fixed offsets, support extending the layer-common inter-polarization M-PSK co-phasing to all layers along with the π rotation between two layers sharing a same SD basis. 
Scheme 2
As Scheme 2 is the counterpart of Scheme B agreed upon for  =1-4, it becomes a natural choice in the identification of codebook design for  = 5-8. Yet, we observe that to support upto 8 layers with 4 SD basis vectors that are selected independently from  orthogonal SD base via combinatorial indication, the possible beam combinations created are quite large. For comparison, consider the 32 CSI-RS ports case wherein UE processes 1820 () SD basis combinations to identify the L beams (even with the highest value of L = 4 in Type II implementation). While adapting this technique to Scheme B Type I codebook design for  = 1-4 the search space increases to only 2016 (), even with 128 antenna ports. However, the value increases significantly (), for higher layer cases with > 2 beams.
According to RAN1#116bis agreement, an open issue in Scheme 2 is to choose the mapping between  layers and ceil(/2) SD basis vectors. The two options identified in FFS are illustrated in Figure 1. Compared to Option 2, Option 1 gives a benefit of reduced UCI computation time. In our opinion, this is critical as Scheme B inherently increases the UE complexity due to its existing choice of freely selected SD bases.
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Figure 1. Illustration of mapping between  layers and ceil(/2) SD basis vectors

[bookmark: _Hlk165823484]Regarding Scheme 2, support mapping between  layers and ceil(/2) SD basis vectors thereby initiating selection of the 4th beam only with  = 7-8.
Comparing Scheme 1 and Scheme 2
Based on the simulation results in Figure 2, we observe improved performance for Scheme 2 over Rel 15 Scheme1 extended for up to 128 ports, which is as expected. The improved performance arises from the free selection of SD basis vectors for varying layers in Scheme 2. Here, the comparison is limited to 6-layer scenario due to the large computation time encountered for 7-8 layers with combinatorial indication. 
Table 1 provides the LLS assumptions:
Table 1 LLS Simulation Assumptions for Comparing Scheme 1 and Scheme 2
	Parameters
	Values

	Subcarrier spacing
	15 KHz

	Simulation BW
	25 RBs

	Channel
	CDL-C

	Delay Spread
	300 ns

	Doppler Shift
	100 Hz

	Antennas at gNB
	(M, N, P, Mg, Ng; Mp, Np)= (8, 8, 2, 1, 1; 8, 8)

	Antennas at UE
	(M, N, P, Mg, Ng; Mp, Np)= (4, 1, 2, 1, 1; 4, 1)

	CSI-RS Ports & Periodicity
	128, 5 slots

	Layers
	6 (Rank adaptation disabled)

	Channel Estimation
	Ideal

	Link Adaptation
	Enabled

	Precoding Granularity
	4 RB
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Figure 2 Performance comparison of Scheme 1 over Scheme 2 for RI = 5-8

For  = 5-8, if Scheme 2 is identified as a codebook design to align with Scheme B for  = 1-4, support further study on reducing the number of possibilities of selecting different  beams from  beams to reduce UE complexity. 
Additionally, we identify that considering the computational and search complexity of Scheme 2 and Scheme 3, Scheme 4 that performs a concatenation of two PMIs from layers 1-4 will serve as a better alternative for higher number of layers.
Regarding  = 5-8 codebook design, support Scheme 4 as the next alternate choice to Scheme 1 that has been modified with the proposed enhancements. 
Discussion on Oversampling factor = 2
For the choice of horizontal and vertical beam oversampling factor, the following agreement was achieved in the last meeting [3]. 
	Agreement
For the Rel-19 Type-I single-panel (SP) codebook refinement for 48, 64, and 128 CSI-RS ports, for RI=1-4, O1=O2 is 4
· FFS: Additional support for O1=O2 is 2 when RI=1-4 (including separate UE capability)


In our view, it is desirable and beneficial to consider an oversampling factor of 4 for smaller antenna ports to have a finer steering of candidate SD basis vectors. However, with larger antenna ports the same beam resolution can be achieved with smaller , that can capture most of the spatial angle variations in the real environment (Unless the angular spread of cluster is extremely small, and is typically a characteristic nature of extremely higher frequency transmissions). For instance, with  = 2, almost identical performance is achievable for  = 8 or 16 with a reduced UE complexity due to the reduced number of precoder/SD basis vector search. Hence, we consider that  = (2,2) should be additionally supported. 
Figure 3 illustrates the performance comparison of both oversampling options for Scheme A for Type I SP codebook enhancement. We provide the percentage throughput gain of  = (4,4) as compared to  = (2,2). There is a marginal benefit observed which even reduces with higher SNR. In Figure 4 we additionally compare the results for higher ranks to confirm the trend. A similar observation is indeed made and additionally we observe that  = (2,2) marginally outperforms higher oversampling with increasing SNR. The LLS assumptions are provided in Table 2.
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Figure 3 Performance comparison of Type I legacy codebook with RI = 5-8 for  = (4,4) and  = (2,2)
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Figure 4 Performance comparison of Type I legacy codebook with RI = 5-8 for  = (4,4) and  = (2,2)

Table 2 LLS Simulation Assumptions for Oversampling Comparison
	Parameters
	Values

	Subcarrier spacing
	15 KHz

	Simulation BW
	52 RBs

	Channel
	CDL-C

	Delay Spread
	300 ns

	Doppler Shift
	100 Hz

	Antennas at gNB
	(M, N, P, Mg, Ng; Mp, Np)= (8, 8, 2, 1, 1; 8, 8)

	Antennas at UE
	(M, N, P, Mg, Ng; Mp, Np)= (4, 1, 2, 1, 1; 4, 1)

	CSI-RS Ports & Periodicity
	128, 5 slots

	Layers
	[1-4]/[ 5-8] with RI restriction

	Channel Estimation
	Ideal

	Link Adaptation
	Enabled

	Precoding Granularity
	4 RB



With larger antenna ports the same beam resolution can be achieved with smaller , and are adequate to capture most of the spatial angle variations considering the spatial propagation characteristics of sub-6GHz transmissions.
For PCSI-RS = 128, the throughput performance improvement of  = (4,4) for  = 1-4 is marginal as compared to  = (2,2), though the number of precoder/SD basis vector search performed by UE is significantly large. Comparable performance is also observed for  = 5-8 based on additional simulations for higher layers. 
For Rel-19 Type-I single-panel (SP) codebook refinement, support additional configuration of  = (2,2) for  = 1-4.
For Rel-19 Type-I single-panel (SP) codebook refinement, support studying  = (2,2) configuration as an option for  = 5-8.
Down selecting Alt1 and Alt2 for Scheme-B

	Agreement
For the Rel-19 Type-I SP codebook refinement for 48, 64, and 128 CSI-RS ports, the UCI parameters are captured in the tables below for Scheme-A and Scheme-B:
· Note: The second column includes the location of the parameters when reported with two-part UCI
· FFS (RAN1#117): Select between Alt1 and Alt2 for Scheme-B
…
Scheme-B
	Parameter
	UCI
	Details/description
	Status

	…
	
	
	

	SD basis vector selection indicator for each layer
	Alt1: Part 1
Alt2: Part 2 

Wideband
	v=1-4: 
· Alt1:  bit indicator per layer l=1, …, RIMAX
· Alt2:  bit indicator per layer l=1, …, v
v=5-8: FFS
	Pending

	Inter-pol co-phase selection indicator for each layer
	Part 2

Wideband or Subband (**)
	v=1-4: 
· Alt1: QPSK with orthogonality constraints across v layers
· Alt2: QPSK: 2-bit indicator per layer l=1,…,v
v=5-8: FFS
	Pending

	…
	
	
	






Support AltA.2 to feedback UCI bits in CSI Part 2 with a feedback indication of  bits, where l = 1, …, v, for its equivalence to legacy and reduced overhead, a reduction of  bits as compared to AltA.1. 
Support AltB.2 of layer specific co-phase indication, given that Scheme B by choice is a high-performance scheme with higher complexity.
Type I MP Codebook Refinement for up to 128 ports

	Agreement
For the Rel-19 Type-I multi-panel (MP) codebook refinement for 48, 64, and 128 CSI-RS ports, for RI=1-4, decide, by RAN1#117, whether to support Type-I multi-panel (MP) codebook refinement in Rel-19. 
If supported, decide from the following alternatives:
· Scheme1. Based on Rel-15 Type-I MP design directly extended with Ng=K (2, 3, and 4), and new (N1, N2) values
· Scheme2. Based on Scheme4/6 as described in the RAN1#116 agreement
· W1 structure: Reuse legacy Rel-15 Type-I SP SD basis selection with L=1 independently for each of the K NZP CSI-RS resources
· W2 structure:
· Legacy Rel-15 Type-I inter-polarization co-phasing rules independently in each resource,
· Layer-common inter-resource M-PSK co-phasing, where M is further down-selected from {2,4}
· FFS: Whether inter-resource co-phasing is wideband or per subband. 
If so, decide, by RAN1#117, whether port mapping scheme similar to, e.g. Rel-18 Type-II CJT, needs to be specified. 



On the issue of MP deployment for up to 128 ports, we provide our views. As the individual antenna panels are large with  maintained as 2, (3) and 4, the DFT vectors reflecting the long-term channel characteristics of different antenna panels could be different. Hence it is recommended to design SD basis vectors for each panels/resources independently. Also, the W2 structure representing phase values for inter-panel co-phasing and inter-polarization co-phasing should capture the frequency selective channel characteristics. This is required to ensure that the combined beamforming vector correctly captures the actual channel response. Hence, in our view, the inter-resource co-phasing should be per subband similar to inter-polarization co-phasing.
Regarding Type-I multi-panel (MP) codebook refinement for upto 128 ports, support Scheme 2 over Scheme 1 due to the increased possibility of panel array response matching the actual channel response. 
Regarding the feedback indication and implementation of W2, support subband inter-resource co-phasing.

Conclusions
In this section we provide a summary of our observations and proposals.
The incremental change of providing polarization co-phasing phase shift to all supported layers will provide improved channel adaptation (both wideband and subband) for higher layers as well, particularly for the narrow beam transmissions with increased antenna ports. 
With larger antenna ports the same beam resolution can be achieved with smaller , and are adequate to capture most of the spatial angle variations considering the spatial propagation characteristics of sub-6GHz transmissions.
For PCSI-RS = 128, the throughput performance improvement of  = (4,4) for  = 1-4 is marginal as compared to  = (2,2), though the number of precoder/SD basis vector search performed by UE is significantly large. Comparable performance is also observed for  = 5-8 as per an additional experimentation conducted for higher layers. 
For Rel-19 Type-I SP codebook refinement for up to 128 CSI-RS ports  = 5-8, support Scheme 1 as baseline due to its straightforward and simple design.
Regarding Scheme 1 implementation wherein the SD bases for different layers are selected with fixed offsets, support extending the layer-common inter-polarization M-PSK co-phasing to all layers along with the π rotation between two layers sharing a same SD basis. 
Regarding Scheme 2, support mapping between  layers and ceil(/2) SD basis vectors thereby initiating selection of the 4th beam only with  = 7-8.
For  = 5-8, if Scheme 2 is identified as a codebook design to align with Scheme B for  = 1-4, support further study on reducing the number of possibilities of selecting different  beams from  beams to reduce UE complexity. 
Regarding  = 5-8 codebook design, support Scheme 4 as the next alternate choice to Scheme 1 that has been modified with the proposed enhancements. 
For Rel-19 Type-I single-panel (SP) codebook refinement, support additional configuration of  = (2,2) for  = 1-4.
For Rel-19 Type-I single-panel (SP) codebook refinement, support studying  = (2,2) configuration as an option for  = 5-8.
Support AltA.2 to feedback UCI bits in CSI Part 2 with a feedback indication of  bits, where l = 1, …, v, for its equivalence to legacy and reduced overhead, a reduction of  bits as compared to AltA.1. 
Support AltB.2 of layer specific co-phase indication, given that Scheme B by choice is a high-performance scheme with higher complexity.
Regarding Type-I multi-panel (MP) codebook refinement for upto 128 ports, support Scheme 2 over Scheme 1 due to the increased possibility of panel array response matching the actual channel response. 
Regarding the feedback indication and implementation of W2, support subband inter-resource co-phasing.
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