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Introduction
[bookmark: _Ref378529477]In RAN1 #116, the following agreements were reached for NR MIMO Phase 5 CSI Enhancements [1].
Agreement  (I)
For the Rel-19 Type-I and Type-II codebook refinement for up to 128 CSI-RS ports, regarding NZP CSI-RS resource aggregation to attain 32 < P (or PCSI-RS) ≤ 128, support aggregating at least K=2, 3, or 4 legacy NZP CSI-RS resources with equal number of ports
· FFS (by RAN1#116bis): Mapping from CSI-RS resource index/port index per resource and port index to CSI/PMI calculation, also considering co-existence with pre-Rel-19 UEs 
· FFS (by RAN1#116bis): whether the Rel-18 CJT CMR restrictions (where all resources shall be located within 2 consecutive slots) are reused, or additional restriction(s) are introduced (e.g. PCoffset, CDM type, RS density, TD (co-located in a slot)/FD locations, QCL, …)
· FFS (by RAN1#116bis): Whether legacy resource configuration for interference measurement is reused, or additional restriction(s) are introduced
· FFS: Whether all the K CSI-RS resources are associated with a same CSI-RS resource set or not
Note: If the supported number of ports does not require aggregation of 3 resources, K=3 can be removed
Agreement  (II)

For the Rel-19 Type-II codebook refinement based on Rel-16 eType-II and Rel-18 Type-II Doppler for up to 128 CSI-RS ports, as well as Rel-19 Type-I codebook refinement for up to 128 CSI-RS ports, support the following (N1, N2) values:
	Total # CSI-RS ports across aggregated resources (=P)
	(N1, N2)

	48
	(8,3)

	
	(6,4)

	64
	(16,2)

	
	(8,4)

	128
	(16,4)

	
	(8,8)


The support of total # CSI-RS ports across aggregated resources (=P) and (N1, N2) are subject to UE capability.
· For the Rel-19 Type-II codebook refinement based on Rel-16 eType-II regular codebook, the (N1,N2) values for P=64 are supported as a part of the respective basic feature, while those for P=48 and P=128 are supported as two separate UE capabilities
· For the Rel-19 Type-II codebook refinement based on Rel-18 Type-II Doppler regular codebook, the (N1,N2) values for P=64 are supported as a part of the respective basic feature, while those for P=48 and P=128 are supported as two separate UE capabilities
· 
Agreement  (III)

For the Rel-19 CRI-based CSI refinement for up to 128 CSI-RS ports, in accordance to the WID, extend the Rel-15 CRI-based CSI reporting as follows:
· A UE is configured to measure KS>1 NZP CSI-RS resources with equal number of ports, with up to 32 ports per NZP CSI-RS resource
· Note: The maximum number of ports per NZP CSI-RS resource for a given value of KS will be discussed separately
· Containing the information of M “quadruplets” {(CRIn, RIn, PMIn, CQIn), n=0, …, M–1} in one CSI reporting instance where the value range of M (≤KS) is {1, …, min(X, KS)}
· FFS (by RAN1# 116bis): The supported value(s) of X (candidates are 2, 4, 6, KS)
· [bookmark: _Hlk161217652]FFS (by RAN1# 116bis): Whether the value of M is NW-configured via higher-layer (RRC) signalling, or UE-selected (as a part of CSI report), or a combination of the two
· A same legacy codebook (with up to 32 ports) is configured for (associated with) all M “quadruplets”

FFS: detailed UCI design/optimization (e.g. overhead reduction)
FFS: Whether solution to allow CSI reporting for larger number of CSI-RS resources across multiple CSI reports is supported
FFS: whether further restriction(s) on CMR configuration is needed, including relation with IMR
FFS: the packing order of the information of M “quadruplets”, CSI omission rule
FFS: Whether all the K CSI-RS resources are associated with a same CSI-RS resource set or not
FFS: Whether KS, maximum # ports per resource, and X depend on codebook type


In this contribution, we address some issues with the above three agreements and propose some modifications and additions to CSI enhancements consistent with our previous proposals in [2].

Mapping of CSI Resources to Antenna Ports

2.1 Mapping of Unequal number of ports for aggregation: 
During RAN1#116, it was decided that legacy Non-Zero Power (NZP) CSI-RS resources with K values of 2, 3, or 4 would be aggregated to achieve a total port count in the range of 32 < P (or P_CSI-RS) ≤ 128 ports. Additionally, it was resolved that these aggregated NZP CSI-RS resources must consist of an equal number of ports. From our perspective, this condition imposes an unnecessary constraint on the flexibility of gNBs in configuring UEs with varying port capacities. Consider, for instance, a scenario involving 48 ports. According to the existing agreement, the gNB is required to aggregate either K=3 with 16 ports or K=2 with 24 ports. However, if a gNB has already configured a 32 port CSI-RS for legacy Release 15 UEs, then by incorporating an additional K=1 with 16 ports, it could effectively support a 48 port CSI-RS configuration as shown in Figure 1. This approach would minimize disruptions to legacy setups while simultaneously accommodating new UEs with a higher number of CSI-RS ports, thereby enhancing the overall network efficiency and capability.
[image: A screenshot of a graph
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Figure 1 Aggregation of unequal number of ports for supporting 48 ports.

Proposal 1: For the Rel-19 Type-I and Type-II codebook refinement for up to 128 CSI-RS ports, regarding NZP CSI-RS resource aggregation to attain 32 < P (or PCSI-RS) ≤ 128, support aggregating at least K=2, 3, or 4 legacy NZP CSI-RS resources with either an equal or unequal number of ports.
2.2 Indication of aggregated resources: 
In RAN1#116, it was decided to explore the assignment of CSI-RS resource indexes/ports for CSI/PMI calculations in a way that does not affect legacy UEs. Until Release 19, the gNB's configuration of UEs with CSI-RS resource settings always commenced with the starting port number as zero. We believe that allowing the gNB to specify the starting port number within the CSI-RS resource information element could enable UEs to aggregate multiple CSI-RS resources, thereby facilitating the estimation of CSI for a greater number of ports. For instance, in the Release 19 CSI-RS resource mapping information element, an optional parameter 'startingPortNumber' comprehensible only to Release 19 UEs could be introduced. Since this parameter remains unset for legacy UEs, this strategy ensures no adverse effects on them. Therefore, we recommend including 'startingPortNumber' as a component of the CSI-RS resource configuration to enhance the network's efficiency and capability without impacting existing UEs.
	CSI-RS-ResourceMapping information element
-- ASN1START
-- TAG-CSI-RS-RESOURCEMAPPING-START

CSI-RS-ResourceMapping ::=          SEQUENCE {
    frequencyDomainAllocation           CHOICE {
        row1                                BIT STRING (SIZE (4)),
        row2                                BIT STRING (SIZE (12)),
        row4                                BIT STRING (SIZE (3)),
        other                               BIT STRING (SIZE (6))
    },
    nrofPorts                           ENUMERATED {p1,p2,p4,p8,p12,p16,p24,p32},
    firstOFDMSymbolInTimeDomain         INTEGER (0..13),
    firstOFDMSymbolInTimeDomain2        INTEGER (2..12)                                                         OPTIONAL,   -- Need R
    cdm-Type                            ENUMERATED {noCDM, fd-CDM2, cdm4-FD2-TD2, cdm8-FD2-TD4},
    density                             CHOICE {
        dot5                                ENUMERATED {evenPRBs, oddPRBs},
        one                                 NULL,
        three                               NULL,
        spare                               NULL
    },
    freqBand                            CSI-FrequencyOccupation,
    ...
    startingportnumber                  ENUMERATED {1,2,4,8,12,16,24,32},  - For realease 19

}


-- TAG-CSI-RS-RESOURCEMAPPING-STOP
-- ASN1STOP




Proposal 2: For reducing the impact to legacy UEs, a new parameter should be introduced in the CSI-RS resource information element for indicating the starting port number of the configured CSI-RS resource. 
2.3 CMR restrictions for the aggregated resources: 
In RAN1#116, it was decided to study whether to implement CMR (Channel Measurement Resource) restrictions, such as mandating that all resources be allocated within 2/3 consecutive slots, in addition to existing QCL (Quasi Co-Location) and density restrictions. From our perspective, imposing these additional constraints could potentially hinder the performance capabilities when dealing with a large number of ports. For instance, consider a typical TDD (Time Division Duplex) system with a DDDSU frame pattern. If the gNB decides to allocate CSI-RS resources over 3 slots, the mentioned restrictions would prevent the transmission of additional CSI-RS for extra ports within the same scheduling block. Specifically, it would be limited to using only the first 2 slots out of every 5 slots for CSI-RS transmission. Therefore, we advocate against imposing CMR restrictions unless there is substantial evidence to demonstrate a significant performance detriment at the UE in their absence. Regarding the density and QCL information, in our view it is up to the gNB system design to allocate these values and the specification should not limit these values. 
Proposal 3: We propose not to impose any CMR restrictions on the aggregated resources unless there is substantial evidence to demonstrate a significant performance detriment at the UE in their absence.
2.4 Resource configurations for Interference measurements: 
We believe the current resource patterns are adequate for interference measurement purposes and do not advocate for the introduction of new resource configurations in Release 19. Generally, interference tends to decrease with the utilization of a larger number of antennas at the gNB. Therefore, we see no compelling reason to further investigate this matter. However, it's important to recognize that zero power CSI-RS can still serve as an effective tool for interference measurement, even with a higher number of ports.
Proposal 4:  We propose not to introduce any additional resource configurations for interference measurement.
2.5 Resource Sets configuration for aggregated resources: 
When the gNB configures multiple resources for CSI-RS port expansion, the configuration could follow one of two approaches: either aggregating resources within the same resource set or allowing for flexibility by configuring them across different sets. In our view all the aggregated resources should belong to the same resource set, as they share common characteristics such as being periodic, aperiodic, or semi-persistent. Given that the UE is required to compute the CSI for all aggregated resources, it is logical for these resources to possess uniform properties. Therefore, we suggest that the UE should aggregate all resources within the same set for the purpose of CSI computation.
Proposal 5:  We propose that the UE should aggregate all the resources belonging to the same resource set for CSI computation.

2.6 Support for 96 CSI-RS ports: 
In RAN1#116, it was decided that support would be extended for CSI-RS ports numbering 48, 64, and 128. Yet, we find ourselves questioning the rationale behind selecting these specific figures as we are supporting 2, 4,8, 12,16,24,32 in Release 15 and in Release 19 (24+24 =48), (32+32= 64) and (64+64=128) ports. From our perspective, it would be advantageous for gNB vendors if the 3GPP were to offer a wider array of options, especially considering the anticipation that these CSI-RS port numbers will be applicable across all frequency bands from FR1 to FR3. Consequently, we believe that the inclusion of 96 (32+32+32 and 24+24+24+24) ports should be considered, as the 3GPP already endorsed 48 ports as per RAN1#116. Furthermore, we think that some markets (e.g., developing countries) may benefit from the introduction of 96 ports to bridge the gap in performance between 64 and 128 ports, while providing an economical solution without significant performance degradation for most scenarios in comparison to 128 ports. Incorporating support for 96 ports would not necessitate additional efforts from 3GPP and would afford base station vendors more versatility in system design. 
Proposal 6:  We suggest supporting 96 CSI-RS ports in addition to the agreed 48, 64 and 128 CSI-RS ports. 
Number of ports vs (N1, N2) values
In RAN1#116, the decision was made to enhance both Type I and Type II codebooks. Despite this, we observe that the Type I codebook enjoys widespread deployment and thus, argue that its expansion to accommodate a higher number of ports should be prioritized. Specifically, for the advancement of the Type I single panel codebook, it's essential to consider the practical deployment scenarios where antenna arrays favour more columns over rows. This preference is due to a higher concentration of UEs within the azimuthal plane compared to the elevation direction.

[bookmark: _Hlk163208863]We would like to re-emphasize that expanding the codebook in elevation domain doesn’t provide enough gains for the large arrays.  We suggest 3GPP should agree on the maximum number of rows supported should be equal to N2max = 4, then adjust the number of columns (N1) accordingly so that the number of ports equals 2N1N2.  Based on this principle, the codebooks should be designed so that as many ports as possible in the azimuthal direction are used. Therefore, we propose Table 1, where the number of columns up to 64 are considered for 128 port CSI-RS. This is possible assuming higher frequency ranges say 7-24 GHz.  Hence, we propose that the Type-I codebook is extended as shown below. 


                                Table 1 Type I Single-Panel Codebook for more than 32 port CSI-RS
	Number of CSI-RS Ports
	  (N1, N2)
	Number of polarizations

	48
	(8,3)
(12,2)
(24,1)
	2

	64
	(8,4)
(16,2)
(32,1)
	2

	[bookmark: _Hlk163215320]96
	(12,4)
(24,2)
(48,1)
	2

	128
	(16,4)
(32,2)
(64,1)

	2




Proposal 7: We propose that Table 1 should be supported for extending the Type-I panel codebook to more than 32 CSI-RS ports. 

CRI-based CSI Enhancements

In RAN1#116, it was agreed to support multiple (KS>1) NZP CSI-RS resources with equal number of ports. The CSI report should support M “quadruplets” {(CRIn, RIn, PMIn, CQIn), n=0, …, M–1} in one CSI reporting instance where the value range of M (≤KS) is {1, …, min (X, KS)}.  In our view, this is very appealing, especially for hybrid beamforming-based massive MIMO systems. However, there are multiple items 3GPP should agree on for a complete solution. 
4.1 Supported values of Ks: 
To understand the real benefits of CRI-based CSI reporting, take the example of a hybrid beamforming system where the beamforming is done in both frequency domain (via PMI report from the UE) and time domain beamforming (either in digital or in analog).  The benefit of CRI-based technique is that we can obtain the best time domain beamforming weights along with the corresponding CSI (RI, PMI,CQI) for the best M CSI-RS resource sets. The message sequence chart is shown below in Figure 2.
 

 Feedback Channel (CSI)
   BF1CSI-RS
gNB	
UE
Compute CRI, Rank, CQI, PMI (for M best)
Determine time domain DBF weights
   BFKsCSI-RS

Figure 2 Message sequence chart of the probing technique with multiple CSI-RS resources

The configuration involves the UE receiving multiple CSI-RS resource sets. The network node then transmits the CSI-RS with time domain beamforming matrix BF1, followed by another CSI-RS with time domain beamforming matrix BF2, and so on until all Ks CSI-RS are transmitted. After receiving all Ks CSI-RS, the UE identifies the best CSI-RS, indicating this via CRI and the corresponding RI/PMI/CQI for this CSI-RS. Besides the best CRI, the UE also indicates (M-1) CRIs and their corresponding CSI.
After analyzing the CSI data from M beams, the base station gains the ability to efficiently allocate users across the network. For example, when a single UE is scheduled in a slot, the gNB utilizes the CSI along with the time domain beamforming matrix tied to the initially preferred CRI throughout the slot duration. In scenarios where two UEs (UE1 and UE2) are multiplexed and they associate with distinct time domain matrices due to differing main CRIs, the gNB opts for a time domain matrix linked to a shared preferred CRI thereby providing flexibility to the gNB scheduler in multiplexing UEs with different time domain beamforming matrices.
For determining the suitable values for Ks, we performed beam-based analysis for CSI-RS coverage.  In our simulations we assume 384 antenna elements (8 columns, 8 rows, x-pol) with 1x3 sub array, where each sub array is tilted by 3 degrees.  We consider 2 cases, where in the first case 128 CSI-RS ports are mapped to each antenna port, while in the 2nd case, we use 32 port CSI-RS and is beamformed either in frequency domain or time domain and is expanded in the elevation domain 1:4 port mapping. This we call CRI-based beamforming where different tilts are applied for the expansion matrix.
Note that azimuthal pattern will be same in both cases, however the elevation antenna gains will be different as the port expansion matrix is applied for the vertical ports. 
4.1.1 With Ks= 1
Figure 3 shows the antenna gain as a function of the elevation angle. We show the plot with 128 port CSI-RS and CRI- based beamforming with 32 ports CSI-RS and Ks= 1. For simplicity we assume elevation angle of 0 degrees. For reference we also plotted the gain of each antenna element. It can be observed that even though the gain of CRI-based beamforming is higher, the coverage range is very narrow. 

[image: ]
Figure 3 Antenna gain pattern with Ks=1 
Figure 4 shows the antenna gain plot with Ks= 1, however the tilt angle of expansion matrix is changed to 10 degrees. In this case also we can’t achieve the same vertical coverage as that of 128 port CSI-RS. 
[image: ]
Figure 4 Antenna gain pattern with Ks=1, with tilt angle of 10 degrees


4.1.2 With Ks= 2
Figure 5 shows the antenna gain as a function of the elevation angle with Ks = 2. Note that tilt angles were chosen are [0 10] degrees. We can observe that in this case also we can’t reach the same coverage as that of 128 port CSI-RS. This means that we are going to lose the elevation coverage if we use Ks=2 with CRI-based approach. 

[image: ]
Figure 5 Antenna gain pattern with Ks=2, with tilt angle of 0 and 10 degrees
4.1.3 With Ks= 4
Figure 6 shows the antenna gain as a function of the elevation angle with Ks = 4.  Note that the tilt angles chosen are [5 10 15 20] degrees. We can observe that in this case also we can’t reach the same coverage as that of 128 port CSI-RS. This means that we are going to lose the elevation coverage if we use Ks=4 with CRI based approach. 

[image: ]
Figure 6 Antenna gain pattern with Ks=4, with tilt angles of [0 5 10 15] degrees
4.1.3 With Ks= 5 and 6
Figures 7 and 8 show the antenna gain as a function of the elevation angle with Ks = 5 and 6 respectively.  Note that the tilt angles chosen are [0 5 10 15 20] degrees for Ks= 5 and [0 5 10 12 15 20] degrees for Ks= 6. We can observe that in both the cases, we can reach the same coverage as that of 128 port CSI-RS. 

[image: ]
Figure 7 Antenna gain pattern with Ks=5, with tilt angles of [0 5 10 15 20] degrees
[image: ]
Figure 8 Antenna gain pattern with Ks=6, with tilt angles of [0 5 10  12 15 20] degrees

Hence, we conclude the at least Ks = 5 is needed for the CRI-based scheme to have the same coverage as that of higher number of CSI-RS ports without CRI-based approach. Between these two cases, we prefer Ks= 6 (an even number).

Proposal 8: We prefer the value of Ks should be equal to 6. 

4.2 Configuration of M: 
Another design aspect is about the configuration of the value of M. We prefer it should be part of CSI configuration and RRC signalling should be used similar to Release 15 CSI configuration parameters. We don’t see any benefit of choosing this value by the UE.  
Proposal 9: RRC signaling should be used for configuring the value of M. 
However, for reducing the CSI overhead due to this additional CSI, we prefer differential CSI signalling from the main CRI for some of the entries. For example, differential CQI can be used thereby reducing the overhead by half. 
Proposal 10: For reducing the feedback channel overhead, differential CQI should be used.  
UE Complexity Reduction for CSI Computation
In our view, with the increase of more CSI-RS ports the codebook size increases significantly. For example, the number of beams in Azimuth and Elevation for different configurations is shown in Table 2.   Here we assume over sampling factors O1=4 and O2=4. The table also shows the codebook size for rank 1 and rank 2 transmission. 
Table 2 Number of Azimuth and Elevation Beams
as a function of the No. of CSI-RS ports and (N1, N2)

	Number of 
CSI-RS Ports
	  (N1, N2)
	 Azimuth Beams
	Elevation 
    Beams
	Codebook size (W1*W2) for Rank1
	Codebook size (W1*W2) for Rank2

	48
	(8,3)
(12,2)
(24,1)
	 32
 48
 96
	12
8
4
	384*4= 1536
384*4= 1536
384*4= 1536
	1536*2 = 3072
1536*2= 3072
1536*2= 3072


	64
	(8,4)
(16,2)
(32,1)
	32
64
128
	16
8
4
	512*4= 2048
512*4= 2048
512*4= 2048
	2048*2= 4096
2048*2= 4096
2048*2= 4096

	96
	(12,3)
(24,2)
(48,1)
	48
96
192
	12
8
4
	576*4 = 2304
768*4 = 3072
768*4 = 3072
	2304*2= 4608
3072*2= 6144
3072*2= 6144

	128
	(16,4)
(32,2)
(64,1)

	64
128
256
	16
8
4
	1024*4 = 4096
1024*4 = 4096
1024*4 = 4096
	4096*2= 8192
4096*2= 8192
4096*2= 8192



It can be observed that with the increase of CSI-RS ports the UE must search large codebooks (Kronecker product of both azimuth and elevation beams) for computing the precoding matrix (W1 and W2).  In our view this will drain the UE battery. Hence, we prefer to reduce the UE complexity in CSI computation when configured with more than 32 CSI-RS ports. 
In this contribution, we outline a method for reducing the computational complexity for large number of CSI-RS ports.  
The traditional approach to codebook construction relies on employing an equal oversampling factor for all base beams, both in the azimuth and elevation directions. However, in our view this uniform oversampling is the primary cause of an excessively large codebook size. We prefer the base station should configure multiple sampling factors for the beams using either RRC signaling, or MAC-CE or DCI based signaling.  For example, we prefer to use higher oversampling factors, such as 4 or 8, to certain beams, while others may only require lower factors like 1 or 2. This is because in general the gNB can get an idea where the UE is located.
We explain the rationale behind this by using an example. For example, take the case of 64 port CSI-RS with N1= 8, N2= 4, O1= 4 and O2= 4. Hence the codebook is constructed with A1= N1*O1= 32 azimuth beams and A2 = N2*O2= 16 elevation beams. Conventionally the codebook is constructed with the Kronecker product of these two beams. Figure 9 shows the radiation pattern for Azimuthal beam 1, where the beam is pointed towards 0 degrees.  
[image: ]
  Figure 9. Radiation pattern for Azimuthal beam 1 for 64 CSI-RS ports

Figure 10 shows the radiation pattern with beam index 12, where the beam is pointed towards 10 degrees in azimuth.  On the similar lines, each beam is pointed to cover the whole cell range. 


[image: ]
  Figure 11. Radiation pattern for Azimuthal beam 12 for 64 CSI-RS ports.

Figure 12 shows the beam index and their main direction for all the beams in the codebook. it can be observed that with all the azimuth beams, we can cover the cell range from -180 degrees to 180 degrees. 


[image: ]
  Figure 12. Polar plot for all the azimuthal beams for 64 CSI-RS ports
Figure 13 shows the polar plot for the with variable oversampling factors. We use oversampling factor of 4 and 1 for the right and left beams, respectively. 
[image: ]
                     
Figure 13. Polar plot for the unequal oversampling factors for the azimuthal beams
Note that in this case, the codebook size is significantly reduced as the number of azimuthal beams are reduced to 20 (instead of 32).  We can almost reduce the codebook size by half in size. Hence, we propose that RAN1 should consider configuring the over sampling factors of {1,2,4,8} either using RRC signaling or using MAC-CE/DCI.
Proposal 11:  For reducing the codebook size, signaling should be introduced for configuring the oversampling factors both in azimuthal and elevation domain. 






[bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168]Conclusions
In this contribution we presented our views on enhancements for Release 19 MIMO WI related to CSI enhancements.
Based on our observations, we have the following proposals:
Proposal 1: For the Rel-19 Type-I and Type-II codebook refinement for up to 128 CSI-RS ports, regarding NZP CSI-RS resource aggregation to attain 32 < P (or PCSI-RS) ≤ 128, support aggregating at least K=2, 3, or 4 legacy NZP CSI-RS resources with either an equal or unequal number of ports.
Proposal 2: For reducing the impact to legacy UEs, a new parameter should be introduced in the CSI-RS resource information element for indicating the starting port number of the configured CSI-RS resource. 
Proposal 3: We propose not to impose any CMR restrictions on the aggregated resources unless there is substantial evidence to demonstrate a significant performance detriment at the UE in their absence.
Proposal 4:  We propose not to introduce any additional resource configurations for interference measurement.
Proposal 5:  Hence, we propose that the UE should aggregate all the resources belonging to the same resource set for CSI computation.
Proposal 6:  We suggest supporting 96 CSI-RS ports in addition to the agreed 48, 64 and 128 CSI-RS ports. 
Proposal 7: We propose that Table 1 should be supported for extending the Type-I panel codebook to more than 32 CSI-RS ports. 
Proposal 8: We prefer the value of Ks should be equal to 6. 
Proposal 9: RRC signaling should be used for configuring the value of M. 
[bookmark: _Ref450342757]Proposal 10: For reducing the feedback channel overhead, differential CQI should be used.  
Proposal 11:  For reducing the codebook size, signaling should be introduced for configuring the oversampling factors both in azimuthal and elevation domain. 
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