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Introduction
[bookmark: _Ref378529477]In RAN #102, a new work item on NR MIMO Evolution has been approved. The objectives for this WI are as follows [1]:
	The work item aims to specify the enhancements identified for NR MIMO. The detailed objectives are as follows. 
1. [bookmark: _Hlk145555364][bookmark: _Hlk146642115]Specify enhancement to facilitate UE-initiated/event-driven beam management for reducing overhead and/or latency, assuming the unified TCI while leveraging (as much as possible) legacy CSI measurement and reporting configuration frameworks, targeting FR2 and sTRP with intra- and inter-cell beam management
a. UL signaling content(s) (and procedure(s) as required) for UE-initiated/event-driven beam reporting facilitating fast beam switching 
b. UL signaling medium/container considering the UE-initiated/event-driven nature of the UL transmission, designed primarily for the purpose of beam reporting

2. [bookmark: _Hlk146697700]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

3. Specify UE reporting enhancement for CJT deployments under non-ideal synchronization and backhaul, targeting FR1, both FDD and TDD 
a. Inter-TRP time misalignment and frequency/phase offset measurement and reporting, assuming legacy CSI-RS design, with stand-alone aperiodic reporting on PUSCH
 
4. Specify non-coherent UL codebook to facilitate 3-antenna-port codebook-based transmissions, without enhancement on UL full power transmission and without enhancement on SRS resource
Note: UL full power transmission mode 1 and 2 are not supported.

5. Specify enhancement for asymmetric DL sTRP/UL mTRP deployment scenarios, assuming intra-band intra-DU non-co-located mTRP scenarios, without changing existing cell definition or defining a new cell (e.g. UL-only cell), assuming the Rel-17/18 unified TCI framework and fully reusing the legacy QCL/UL spatial relation rules, targeting FR1 and FR2 
a. Two closed-loop PC adjustment states for SRS, both separate from PUSCH; and pathloss offset configurations for pathloss calculation to UL TRP(s), when the pathloss RS is from DL sTRP. 





In this contribution, we provide a comprehensive overview of CSI enhancements needed for Release 19 NR MIMO Evolution with respect to item 2 (highlighted) above.
Main Motivation for CSI Enhancements 
In our view, the main reason for CSI enhancements in Release 19 is due to the following two reasons. 
a. Sub Optimal Performance with 64/96/128TR:  Typical deployments of NR use Release 15 MIMO which is standardized for the UE to report CSI up to 32 CSI-RS ports when configured with 32 port CSI-RS. Both Type-I and Type-II codebooks were supported in Release 15 MIMO. The codebooks are designed to support up to rank 8 for Type-I while the transmission rank is initially limited to 2 in Type-II codebook. Later in Release 16, Type-II codebook was extended to support up to rank 4 for single user MIMO. Even though the Type-II codebook was considered as MU-MIMO CSI feedback, it can be configured for SU-MIMO. Due to the commercial success of NR massive MIMO deployments, typically in the frequency ranges 2.5 - 4 GHz, a higher number of transmit antennas is attractive for capacity and coverage improvements. Figure 1 shows a typical rectangular array with multiple panels. Within a single panel, there are N columns and M rows of antenna elements. Typically, the deployment uses cross polarized antennas (P=2). Most of the commercial deployments use 192 antenna elements for FR1. In addition, we observed that the massive MIMO systems deployed worldwide uses either 32 TR or 64TR and the antenna panel uses uniform rectangular arrays with N= 8 and M=4. This implies that a TR in a 32 TR /64 TR system drives multiple antenna elements called subarrays as shown in Figure 2. Based on this principle for a 32 TR system, each radio branch needs to drive 6 antenna elements with N= 8, M=2, number of polarizations (P=2), and number of elements (Ne= 6) to cover the whole array of 192 antennas elements (8x2x6x2 =192).
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                                                    Figure 1. Cross polarized Antenna Panel in massive MIMO Deployments.

For 32 TR, we don’t see any problem with the specifications as the UE can report 32 port CSI feedback when configured with 32 ports CSI-RS. However, the problem occurs when the base station uses a greater number of TRs, for example say 64 TR or 96 or 128 TR. In this case, the base station needs to map the 32 port CSI-RS to a greater number of TR say 64 or 96 or 128, while the UE sees only 32 port CSI-RS and feeds back the CSI corresponding to 32 ports CSI-RS. Typically, a mapping between the CSI-RS ports to the TR is done at the base station and is transparent to the UE. In our view, this mapping is the main reason for suboptimal performance of the 64 TR as it can’t be UE specific. This implies that even though the UE’s CSI feedback should be UE-specific, due to the suboptimal mapping from CSI-RS ports to the TR, the resultant precoding matrix index in combination with the CSI-RS port to TR is not completely UE-specific, which results in sub-optimal performance when we increase the number of TRs to more than 32. 
  



                         Figure 2.  Power amplifier and subarray configuration for 32 TR.
        

b. Larger Arrays for 7-24 GHz:  Due to its commercial success in FR1, we expect that massive MIMO systems will be deployed at higher frequencies in the future, such as in the range of 7-24 GHz, as these frequencies are being considered for allocation to terrestrial communication systems. However, when the carrier frequency is increased to, for example, 7 GHz, it will be possible to deploy a larger number of antenna elements while maintaining the same form factor for the antenna panel. This is because the spacing between the antenna elements is dependent on the wavelength/frequency of operation of the communication system. When the number of antenna elements is increased, for example, to 384 or 768, compared to the conventional 192 antenna elements, there are multiple ways we can envision the architecture of these extremely massive MIMO systems or large arrays. In one option, the number of baseband ports and radio branches can be kept the same as that of the conventional system, that is 32. However, to keep 32 baseband ports and 32 radio branches, the subarray size must be increased to 12 or 24, meaning a 32 TR system would use a 1x12 subarray (for 384 AE) or a 1x24 subarray (for 768 AE). However, with the increased subarray size, the resultant beams become too narrow and produce many sidelobes. These sidelobes can cause interference to other terminals. Another option is to increase the baseband/radio ports to a higher value, such as 64 or 128, while keeping the subarray size at a reasonable value. For example, a 64 TR system would have a 1x6 subarray (for 384 AE), and a 128 TR system would have a 1x3 subarray (for 384 AE) or a 1x6 subarray (for 768 AE). However, as the current 3GPP specification supports UEs with up to 32 CSI-RS ports,  the UE can only provide feedback for precoding/beamforming up to 32 antenna ports. To improve the performance of 5G NR, when the BS deploys these extremely large, massive MIMO systems, the CSI mechanisms will need to  be extended to support these extremely large number of TR systems for both FR1, FR2 as well as for future frequency ranges such as 7-24 GHz.

Details of CSI Enhancements 
In our view, RAN1 should address the following topics such that UEs can report CSI for more than 32 ports.
CSI-RS Enhancements
For obtaining CSI for more than 32 ports, the base station must be capable of transmitting information across more than 32 ports. The Work Item (WI) description indicates that the specifications should accommodate up to 128 CSI-RS (Reference Signals) ports. However, it does not specify particular numbers within this range. We believe that the specifications ought to explicitly support 48, 64, 72, 96, and 128 CSI-RS ports. This approach primarily aims to provide base station vendors with the flexibility to choose an appropriate number of CSI-RS ports in response to an increase in the number of antenna elements.

Proposal 1: RAN1 should support 48, 64, 72, 96 and 128 CSI-RS ports in Release 19.

CSI-RS Structure for supporting more than 32 ports:   To facilitate the support of more than 32 CSI-RS ports, there is a potential pathway to undertake a comprehensive redesign of the CSI-RS signal structure, similar to the design implemented by RAN1 in Release 15. While this method could ensure a tailored approach to expanding capacity, it is recognized as a potentially time-consuming solution. In light of efficiency and practicality, we propose an alternative strategy to re-use the existing CSI-RS tables as in Table 1 below (from TS 38.211). This approach would involve reusing the pre-defined CSI-RS locations, as detailed in Table 1, thereby streamlining the process of extending support beyond 32 ports without necessitating a complete overhaul of the CSI-RS framework.
Proposal 2: It is recommended that RAN1 leverage the existing CSI-RS configurations from Release 15 for the expansion of CSI-RS ports in Release 19. 

                                Table 1 Existing CSI-RS table as defined in TS 38.211
[image: ]
With this approach of reusing the existing CSI-RS configurations, we propose two design options. 
 Design Option 1 (Extending the COMB structure to RB): In this approach, we propose extending the CSI-RS design for the COMB structure to the Resource Block (RB) level by reutilizing the existing CSI-RS tables. This means that new ports—those exceeding 32—would be interlaced with the existing (legacy) ports by reducing the density of the legacy CSI-RS ports. Table 2 illustrates a variety of possible combinations for different port numbers. Notably, to expand to 48 ports, it is necessary to combine a 32-port CSI-RS with a 16-port CSI-RS, each at a reduced density of 0.5. Given that support for a 0.5 density already exists for 32 ports, no changes to the specification are anticipated for this adjustment. In a similar vein, combining two sets of 24-port CSI-RS can support 48 ports. For extending support to 72 ports, the density must be decreased to 1/3 (equivalent to three sets of 24-port CSI-RS), a configuration not currently supported by the specification. Likewise, to achieve 96 ports (using four 24-port CSI-RS) and 128 ports (employing four 32-port CSI-RS), the density should be adjusted to ¼ (0.25) for the four 32 ports. Consequently, we suggest updating the existing CSI-RS table to include additional density values for 24 and 32 ports at 1/3 and 1/4.
                                Table 2 Possible CSI-RS port combinations for more than 32 port CSI-RS
	Number of Ports
	 Combination of Legacy CSI-RS Ports
	 Density of legacy CSI-RS ports 

	48
	           32+16
	0.5

	48
	           24+24 
	0.5

	64
	           32+32
	0.5

	72
	          24+24+24
	0.3333 (1/3)

	96
	          32+32+32
	0.3333 (1/3)

	96
	         24+24+24+24
	0.25 (1/4)

	128
	          32+32+32+32
	0.25 (1/4)



Proposal 3: We propose to update the current CSI-RS table to allow both 32-port CSI-RS and 24-port CSI-RS configurations to support density values of 1/3 and 1/4.
[bookmark: _Hlk158886772]Design Option 2 (Using port specific numbering):  This approach to expanding the number of ports does not involve reducing the CSI-RS density. Instead, it maintains the same density patterns as the legacy 32/24 ports. However, the transmission of additional ports is carried out using a different CSI-RS resource configuration, as depicted in Figure 3. This figure illustrates that for transmitting 48 port CSI-RS, we use two resource configurations. One CSI-RS resource configuration utilizes 32 ports, akin to the legacy configuration, while the additional ports employ a separate CSI-RS configuration with the starting port number set at 32. Currently, the specification permits configuring the CSI-RS with the starting port number at 0. Nonetheless, we believe there is a need to modify this stipulation to allow base stations the flexibility to set the CSI-RS starting port number to 32 or 24 for, enhancing system adaptability to any number of CSI-RS ports.
Proposal 4: CSI-RS starting port number should be configurable by the base station for supporting more than 32 ports. 

[image: ]                     
Figure 3.  For 48 port CSI-RS, first 32 ports mapping to one CSI-RS resource configuration, while the remaining ports are mapped to a different CSI-RS resource configuration.
Which Option is Better? 
Note that each design option listed above has its pros and cons. With the design option 1, there is no overhead of CSI-RS transmission compared to the legacy 24/32 port CSI-RS. However, the performance of PDSCH might be impacted due to the improper channel estimation for CSI estimation as the density is reduced to less than 1.  We envision that even for the legacy UEs which are configured with 32 port CSI-RS, the BS needs to reduce the density to a lower value to accommodate this new CSI-RS.  Due to poor channel estimation, we expect the performance especially at high SNR to degrade for legacy UEs if we use design option 1.  With design option 2, we don’t see any impact to channel estimation as the base station can use density of 1; however, in the slots where the CSI-RS is transmitted, there is additional overhead of CSI-RS which might reduce the resources needed for PDSCH. 
In conclusion, a hybrid approach that incorporates the strengths of both design options could offer a more adaptable solution. This strategy would allow for flexible configuration adjustments in response to varying network conditions and UE capabilities, ensuring that capacity and coverage are optimized without compromising the overall quality of service. Such an approach would necessitate ongoing evaluation and adaptation to align with evolving network demands and technology advancements.
Proposal 5: We propose that the specification support both design option 1 and design option 2 for extending the 32 port CSI-RS. 

Codebook Enhancements
Since the main aim of this agenda item is to support the CSI enhancements, we suggest RAN1 should address extending the following items:
a. Type I single panel codebook
b. Type I multi-panel codebook
c. Type II codebook without port selection
d. Type II codebook with port selection 

Among these, Type I codebook is widely deployed, and we think extending the Type I codebook for higher number of ports will be important.  In our view, for extending the Type I single panel codebook we should consider the real deployments where more columns are preferred than rows in the antenna array as a greater number of UEs lie in the azimuthal plane than in the elevation direction. Consequently, the codebooks should be designed so that as many ports as possible in the azimuthal direction are used. Based on this principle, we proposed Table 3, 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 in Table 3. 


                                Table 3 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

	72
	(9,4)
(18,2)
(36,1)
	2

	96
	(12,3)
(24,2)
(48,1)
	2

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

	2




Proposal 6: We propose that Table 3 should be supported for extending the Type-I panel codebook to more than 32 CSI-RS ports. 

Feedback Channel Enhancements
Since the codebook size will be extended for more than 32 port CSI-RS, we expect the size of UCI needs updates. However before going to into details, we expect that RAN1 will work first on defining the permissible values of N1 and N2, as indicated in section 3.2.
UE Complexity Reduction 
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 4.   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 4 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

	72
	(9,4)
(18,2)
(36,1)
	36
72
144
	16
8
4
	576*4= 2304
576*4 = 2304
576*4 = 2304
	2304*2= 4608
2304*2 = 4608
2304*2= 4608

	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. 
Proposal 7: RAN1 should study schemes to reduce the UE complexity for CSI computation when configured with more than 32 CSI-RS ports. 

[bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168]Conclusions
In this contribution, we described our views on enhancements for Release 19 MIMO WI related to CSI enhancements.
[bookmark: _Ref450342757]Based on our observations, we have the following proposals:
[bookmark: _Hlk158987804]Proposal 1:  RAN1 should support 48, 64, 72, 96 and 128 CSI-RS ports in Release 19.

Proposal 2: It is recommended that RAN1 leverage the existing CSI-RS configurations from Release 15 for the expansion of CSI-RS ports in Release 19. 

Proposal 3: We propose current CSI-RS table should be updated such that both 32 port CSI-RS and 24 ports CSI-RS should support density values of 1/3 and 1/4.

Proposal 4: CSI-RS starting port number should be configurable by the base station for supporting more than 32 ports. 

Proposal 5: We propose that the 3GPP specification should support both design option 1 and design option for extending the 32 port CSI-RS. 

Proposal 6: We propose that Table 3 should be supported for extending the Type-I panel codebook to more than 32 CSIRS ports.  
Proposal 7: RAN1 should study schemes to reduce the UE complexity for CSI computation when configured with more than 32 CSI-RS ports. 
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