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Introduction
In RAN#102 [1], the following has been agreed as part of the MIMO WID for Rel-19:
	2. [bookmark: _Hlk146697700][bookmark: _Hlk142324962]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 



[bookmark: _Hlk100228640]In this document we discuss codebook enhancements for up to 128 ports, in addition to enhancements for CJT deployments under non-ideal synchronization and backhaul.
CSI enhancements for up to 128 CSI-RS ports
CSI resource configuration for > 32 ports
[bookmark: _Hlk158159139]Large antenna arrays can help improve coverage and increase DL spectral efficiency. For new available bands with higher frequency in FR1, in addition to the prospective cellular network deployment in FR3, larger antenna arrays with more antenna ports can be supported, thanks to the smaller wavelength. Assuming a rectangular layout corresponding to a uniform planar array, >32 ports can be viewed as a horizontal/vertical concatenation of antenna arrays, each associated with a CSI-RS resource with up to 32 ports. For up to 128 antenna ports, different antenna layouts over the two antenna dimensions, corresponding to the pair , can be supported. We provide a list of possible layouts for 48, 64, 96 and 128 ports in Table 1, along with the supported values in legacy specification for up to 32 ports, which can be found in detail in Clause 5.2 of TS 38.214 [2]. Our preference is to support a subset of the  pair values for each of the scenarios with 48, 64, 96 and 128 CSI-RS ports, based on implementation needs. This applies to both Type-I SP codebook and eType-II codebook types.
Support CSI reporting for 48, 64, 96, 128 CSI-RS ports over multiple NZP CSI-RS resources for both Type-I SP codebook and eType-II codebook
For each of the 48, 64, 96, and 128 ports, down select the possible  pair values listed in Table 1, for both Type-I SP codebook and eType-II codebook

	Number of CSI-RS Ports
	

	4
	(2, 1)

	8
	{(2, 2), (4,1)}

	12
	{(3, 2), (6,1)}

	16
	{(4, 2), (8,1)}

	24
	{(4,3), (6,2), (12,1)}

	32
	{(4,4), (8,2), (16,1)}

	48
	{(6,4), (8,3), (12,2), (24,1)}

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

	96
	{(8,6), (12,4), (16,3), (24,2), (48,1)}

	128
	{(8,8), (16,4), (32,2), (64,1)}


[bookmark: _Ref151595427]Table 1: Examples of supported configurations for up to 128 CSI-RS ports
In addition to the antenna port layout pair , the oversampling factor pair  needs to be addressed, based on the  pair values to be supported for > 32 ports
Study the values of the oversampling factor pair  based on the  pair values to be supported for > 32 ports
Since the maximum number of ports across an NZP CSI-RS resource for channel measurement is bounded by 32, multiple CSI-RS resources needs to be configured to support CSI reporting for > 32 ports. Similar to legacy codebooks configured with CMR comprising multiple CSI-RS resources, e.g., Rel-17 NCJT CSI reporting and Rel-18 Type-II CJT codebook, the CSI-RS resources would belong to the same NZP CSI-RS resource set and also comprise the same number of CSI-RS ports. Moreover, the CSI-RS resources are expected to be configured with the same TCI state.
For > 32 port CSI reporting, multiple legacy CSI-RS resources are configured from the same CSI-RS resource set, where all CSI-RS resources have the same number of ports and are configured with the same TCI state

The multiple CSI-RS resources in the CMR can be configured with either intra-slot or inter-slot multiplexing. For intra-slot multiplexing, each CSI-RS resource would be configured with a distinct value for the first OFDM symbol in time domain. One example is shown in Figure 1 for the time/frequency resources of two CSI-RS resources comprising 32 ports each with intra-slot multiplexing. It is clear that in case of more than two configured CSI-RS resources, RE availability is an issue within the same RB, and moreover, it is beneficial to relax the requirement of the UE to receive up to four CSI-RS resources over the same slot. Given that, inter-slot multiplexing of the CSI-RS resources, e.g., over consecutive slots, needs to be supported. Further details are FFS.
Support intra-slot and inter-slot multiplexing of the up to four CSI-RS resources for > 32 port CSI reporting
One other important question is the CSI-RS port mapping over the antenna layout. For a given antenna panel, assume the panel comprises multiple sub-panels, each corresponding to a distinct CSI-RS resource as shown in Figure 2, where we assume the layout of all sub-panels is symmetric. Assuming the (8,8) cross-polarized antenna layout provided in Figure 2, the CSI-RS port mapping may correspond to four square-shaped concatenated (4,4) layouts over four CSI-RS resources (Port Layout 1), or alternatively four horizontally concatenated (8,2) layouts over the four CSI-RS resources (Port Layout 2). In our understanding, Port Layout 2 mapping is compliant to legacy mapping, however Port Layout 1 provides more flexibility, with respect to the supported layout geometry, in case a subset of the CSI-RS resources are configured/selected for CSI reporting. Given that, further discussion on the port mapping of the CSI-RS ports corresponding to the up to four resources is needed. 
Study the port mapping of the CSI-RS ports corresponding to the configured CSI-RS resources for > 32 port CSI reporting



[bookmark: _Ref158318784]Figure 1: Example of two 32-port CSI-RS resources with intra-slot multiplexing

[image: ]
[bookmark: _Ref158322871][bookmark: _Hlk158336642]Figure 2: Example of two port layouts of 32-port CSI-RS resources with intra-slot multiplexing
CSI feedback format for > 32 ports
Note that for antenna arrays with more than 32 antenna ports, finer beams can be generated that achieve higher beamforming gain, however this would shrink the spatial coverage of each beam. Therefore, the tradeoff between the system performance robustness and the system performance gain for such finer beams. The robustness issue needs to be addressed to avoid coverage issues at moderate/high speed. Note that at moderate/high speeds, the UE is expected to be configured with Type-I SP codebook, or Type-II Doppler codebook, subject to UE capability. Therefore, the support of > 32 port CSI reporting for UEs with moderate/high speed needs to be further studied.
Study whether > 32 port CSI reporting is supported for Rel-18 Type-II Doppler codebook at moderate/high UE speeds
During the Rel-17 evaluation for eType-II PS codebook, it was observed that wideband CSI reporting suffices for antenna layouts with > 24 ports, and hence only one PMI coefficient/port/layer is reported. Whether a similar behavior follows for > 32 ports for different codebook types needs to be evaluated. If so, the CSI feedback format for > 32 ports may be restricted to wideband PMI format, e.g., in Type-I codebook, or a fraction of non-zero frequency-domain basis vectors, pv, takes on the smallest value, e.g., in eType-II codebook. These restrictions lead to CSI feedback overhead reduction, which can help alleviate the additional payload incurred by the increased number of CSI-RS ports. 
Study whether refined Type-I codebook for > 32 ports is restricted to wideband PMI format
Study whether refined Type-II codebook for > 32 ports is restricted to smaller configured pv value(s), i.e., a smaller fraction of FD basis indices
One other design approach is exploiting the additional antennas to achieve spatial selection diversity, i.e., via UE-assisted selection of a subset of the > 32 ports based on the corresponding channel gain. In case the subset of antennas includes ≤ 32 ports, and the subset of antennas form a uniform planar array, a legacy NR codebook can be supported for the subset of the antennas. This approach can be viewed as a two-stage CSI feedback approach, with a UE-based CSI-RS port subset selection stage, followed by a codebook-based CSI feedback stage based on legacy codebook design, i.e., a legacy NR codebook. Further design details, e.g., CSI feedback and CSI-RS mapping, are left FFS.
Study whether a two-stage CSI feedback for > 32 ports is supported, where the first stage corresponds to CSI-RS port subset selection of ≤ 32 ports, followed by a second stage corresponding to a legacy NR codebook
· FFS: Further design details
For legacy CSI reporting based on Type-I codebook, periodic CSI reporting, semi-persistent CSI reporting on PUCCH, semi-persistent CSI reporting on PUSCH and aperiodic CSI reporting can be supported to provide CSI over different uplink resources and with different triggering methods. On the other hand, Type-II codebook type is supported with full feedback, i.e., Part 1 and Part 2 CSI reporting, only over semi-persistent CSI reporting on PUSCH and aperiodic CSI reporting. Our preference is to reuse legacy rules for the time-domain behavior of CSI reporting for > 32 ports, as well as the supporting UL physical channels.
For > 32 port CSI reporting, support legacy rules for the CSI reporting time-domain behavior, as well as the corresponding UL physical channel carrying the UCI

Supported rank for > 32 ports
The maximum supported rank for each supported codebook type for > 32 port CSI reporting needs to be discussed. The current NR specification supports up to 8 layers for DL transmission for Type-I single-panel codebook, where Rank 5-8 transmission is supported over two codewords, each codeword is associated with a distinct CQI value. Note that Type-I codebook is designed to be support SU-MIMO scenarios, and hence the gNB is expected to exploit all the channel degrees of freedom to maximize the UE throughput. Increasing the number of ports beyond 32 can help improve the beamforming resolution and hence resolve more independent paths between the gNB and the UE, enabling the transmission of more layers through the gNB-UE link. Given that, our preference is to support up to Rank 8 transmission for Type-I single panel codebook for > 32 port CSI reporting. On the other hand, Type-II codebook is designed to support MU-MIMO scenarios, with the transmission of up to 4 layers to each UE in legacy specification. For Type-II codebook, the additional antenna ports in the > 32 port CSI reporting can either improve the DL rank per UE and/or help serve more UEs in an MU-MIMO scenario. In our opinion, further analysis/study is needed to verify whether improved DL throughput with Rank > 4 per UE can be achieved in the MU-MIMO scenario. 
For refined Type-I single-panel codebook under > 32 port CSI reporting, support up to Rank 8 transmission per UE
For refined Type-II codebook under > 32 port CSI reporting, support at least up to Rank 4 transmission per UE
· FFS: whether Rank > 4 is supported per UE
CJT deployment enhancements under non-ideal synchronization
CJT framework and synchronization requirements
In NR Rel-18, CSI reporting for DL multi-TRP under CJT with the assumption of ideal synchronization over both time and frequency among the TRPs. In case of co-located TRPs, on-board calibration circuits are implemented for each TRP to detect the phase and amplitude mismatch across the multiple TX and RX circuits. However, centralized calibration cannot be deployed in non-colocated multi-TRP systems due to the physical separation of the TRPs. The use of different local oscillators (LOs) between distributed TRPs imposes more challenges in achieving calibration as the phase of LOs could drift. An illustration of a multi-TRP system with four TRPs is illustrated in Figure 3. 


[bookmark: _Ref158336700]Figure 3: Multi-TRP deployment for DL CJT with non-colocated TRPs
More generally, time and frequency synchronization across TRPs are impacted by multiple factors. For instance, time synchronization mismatch can be caused by hardware imperfections, local clock synchronization errors, and propagation delay. In OFDM systems, a symbol over one sub-carrier incurs a frequency-flat channel if the delay spread is within the CP duration. Examples of the symbol and CP durations for different SCS values are provided in Table 2. However, the precoding resolution may need to be adjusted for channels with high delay spread, i.e., reduce PMI/CQI subband size, since the smallest precoding unit spans multiple RBs.
	Numerology
(μ)
	SCS
(kHz)
	Symbol Duration
(μs)
	CP Duration
(μs)

	0
	15
	66.67
	4.69

	1
	30
	33.33
	2.34

	2
	60
	16.67
	1.17

	3
	120
	8.33
	0.59

	4
	240
	4.17
	0.29


[bookmark: _Ref158334513]Table 2: NR numerology illustrating SCS, symbol and CP duration
In a multi-path scenario, the maximum propagation delay between the first and the last received paths corresponds to a measure of the delay spread, where an inverse of the delay spread is related to the coherence BW of the corresponding channel. Assuming CJT from two non-co-located TRPs, the propagation delay between the signal transmission from the two TRPs corresponds to an equivalent measure of the delay spread. To illustrate with an example, assume a multi-TRP scenario with a single-path, LoS transmission per TRP of the same signal from two nodes, the delay spread corresponds to a propagation delay difference, , between the two paths, which can be mapped to a distance between the two TRPs, , i.e., . 
Example 1: The two TRPs are of distance  m., , implying that the coherence bandwidth, . Assuming a PMI subband size of 4 RBs with 30 kHz SCS, the PMI reporting resolution would be equal to  1.44 MHz, which is larger than the coherence BW. Thereby, more TRP coordination with respect to time synchronization is needed.
On the other hand, frequency synchronization mismatch can be caused by CFO and Doppler effect. Handling frequency asynchrony across multiple TRPs require complex receiver architectures at the UE side, or alternatively a frequency pre-compensation algorithm implemented at the network side. 
Example 2: Based on the parameters of Example 1 with two TRPs, assume GHz, whereas the CFO per TRP is up to 0.01 ppm, the maximum frequency offset incurred by the two TRPs is . The phase difference caused assuming a delay of 5ms for CSI reporting is up to . Furthermore, assuming the UE is moving at a distance of 54 km/h, the Doppler shift is up to  leading to a total of 350Hz of frequency shift.
In order to resolve the time/frequency/phase calibration issues above, UE-assisted OTA calibration is one approach to achieve synchronization throughout the multi-TRP deployment for CJT, via reporting calibration information of the timing, frequency and/or phase offset values to the network to enable equivalent compensation at the network side.  
Support CSI reporting of time/frequency/phase calibration information across the TRPs of a multi-TRP CJT deployment

CJT synchronization measurement and calibration reporting
One main aspect that needs to be addressed is the measurement configuration of the CJT calibration feedback reporting. Similar to Rel-18 TDCP reporting, the CJT calibration feedback should be configured as a standalone, aperiodic reporting that is triggered by the network to ensure CJT synchronization. The CJT calibration information can be measured via DL RS, where one option would be relying on the per TRP NZP CSI-RS resource used for CMR. This approach uses the legacy CSI resource configuration for CJT calibration information reporting, however, for a multi-port CSI-RS resource, a reference port ID for calibration information measurement may need to be identified. Alternatively, the calibration information can be measured via NTRP TRSs, where each TRS corresponds to a distinct TRP. This approach can achieve tighter calibration measurement, at the expense of additional complexity and specification impact. Furthermore, whether TRS with two or four symbols is configured for CJT calibration, needs to be studied. Moreover, the time-domain behavior of the measurement RS, i.e., whether the CSI-RS resources are periodic, semi-persistent or aperiodic, and/or whether the TRSs are periodic or aperiodic, needs to be discussed.
For CJT calibration feedback reporting, down select from the following alternatives for the RSs used for calibration information measurement:
· Alt-1: CJT calibration reporting is based on NTRP NZP CSI-RS resources associated with the NTRP TRPs 
· FFS: whether a reference port per CSI-RS resource for calibration information measurement needs to be identified
· Alt-2: CJT calibration reporting is based on NTRP TRSs associated with the NTRP TRPs
· FFS: whether each TRS comprises 2 or 4 CSI-RS resources
· FFS: the time-domain behavior of the calibration information measurement RSs
Assuming the layout in Figure 3 as an example, the UE can estimate the DL timing/frequency/phase offset values among different TRPs, based on the corresponding RSs for calibration measurement. For instance, the frequency offset values, e.g., {, corresponding to frequency offsets of TRP 1, TRP 2, and TRP 3, respectively, computed relative to a reference received frequency corresponding to TRP 0, is reported. A similar approach can be supported for time offset values {. More generally, the reference TRP can be either fixed, e.g., based on a corresponding CSI-RS resource ID, or network configured, or UE selected. Alternatively, either the timing offset or the frequency offset can be obtained by the phase information corresponding to the phase rotation across the different TRP measurements, i.e., the phase offset values {. For example, the frequency offset will lead a phase rotation  for the channel during a fixed time period. In other words, the UE can directly report the phase information of the channels between each TRP and the UE to the gNB and the gNB can pre-compensate the phase offset for each TRP with respect to the reference TRP. 
Support CSI calibration feedback reporting for CJT synchronization with reporting time, frequency and/or phase offset values of  TRPs with respect to a reference TRP 
· FFS: down selection of at most two of the offset value types including time, frequency and phase offset reporting
· FFS: Whether the reference TRP is fixed, network configured or UE selected
Note that a codebook or quantization approach of the reported time, frequency and/or phase offset values needs to be identified. As a first step, the unit of reporting the offset values needs to be discussed. For instance, time offset values can be in the form of a fraction of a CP value, or in absolute values of microseconds. Similarly, frequency offset values can be in the form of a fraction of SCS value or in Hertz unit, whereas phase offset values can be reported via codebook-based values of uniform phases, similar to legacy codebooks. Furthermore, the resolution of the offset values needs to be studied. 
Study the possible reporting format for time, frequency and/or phase offset values for calibration feedback reporting, including the following alternatives:
· Time offset values: a fraction of CP value or an absolute time value in microseconds
· Frequency offset values: a fraction of SCS value or an absolute value in Hz
· Phase offset values: a codebook of uniformly-spaced phase values
· FFS: the resolution of reporting the time/frequency/phase offset values 

PMI subband resolution for CJT
As mentioned previously, the larger the number of non-colocated TRPs cooperating in CJT mode, the larger the effective Doppler spread corresponding to the aggregate channel between the UE and the TRPs. Note that the higher frequency selectivity of the channel, may require higher resolution for DL precoding, as shown in Example 1. The PMI subband resolution in legacy codebooks varies from 2 PRBs to 32 PRBs based on the configured BWP size. Hence, the reported time or phase offset values can help identify a refined PMI subband size based on a measure of the channel delay spread. Whether the refined PMI subband size is explicitly fed back to the network, or inferred from the time/phase offset values reported in the CJT calibration feedback report, needs further study.
For CJT calibration feedback reporting, study whether an indicator of a refined PMI subband size based on a measure of the effective delay spread needs to be explicitly reported in the CJT calibration feedback report
[bookmark: _Toc100923943]Conclusion
[bookmark: _Hlk100923477][bookmark: _Toc100924111][bookmark: _Toc100924138][bookmark: _Toc100924174]This contribution addressed Rel-19 CSI enhancements. For CSI reporting enhancements for up to 128 ports, we have the following proposals:
1. Support CSI reporting for 48, 64, 96, 128 CSI-RS ports over multiple NZP CSI-RS resources for both Type-I SP codebook and eType-II codebook 
1. For each of the 48, 64, 96, and 128 ports, down select the possible  pair values listed in Table 1, for both Type-I SP codebook and eType-II codebook
1. Study the values of the oversampling factor pair  based on the  pair values to be supported for > 32 ports
1. For > 32 port CSI reporting, multiple legacy CSI-RS resources are configured from the same CSI-RS resource set, where all CSI-RS resources have the same number of ports and are configured with the same TCI state
1. Support intra-slot and inter-slot multiplexing of the up to four CSI-RS resources for > 32 port CSI reporting
1. Study the port mapping of the CSI-RS ports corresponding to the configured CSI-RS resources for > 32 port CSI reporting
1. Study whether > 32 port CSI reporting is supported for Rel-18 Type-II Doppler codebook at moderate/high UE speeds
1. Study whether refined Type-I codebook for > 32 ports is restricted to wideband PMI format
1. Study whether refined Type-II codebook for > 32 ports is restricted to smaller configured pv value(s), i.e., a smaller fraction of FD basis indices
1. Study whether a two-stage CSI feedback for > 32 ports is supported, where the first stage corresponds to CSI-RS port subset selection of ≤ 32 ports, followed by a second stage corresponding to a legacy NR codebook
· FFS: Further design details
1. For > 32 port CSI reporting, support legacy rules for the CSI reporting time-domain behavior, as well as the corresponding UL physical channel carrying the UCI
1. For refined Type-I single-panel codebook under > 32 port CSI reporting, support up to Rank 8 transmission per UE
1. For refined Type-II codebook under > 32 port CSI reporting, support at least up to Rank 4 transmission per UE
· FFS: whether Rank > 4 is supported per UE
For CJT deployment enhancements under non-ideal synchronization, we have the following proposals:
1. Support CSI reporting of time/frequency/phase calibration information across the TRPs of a multi-TRP CJT deployment
1. For CJT calibration feedback reporting, down select from the following alternatives for the RSs used for calibration information measurement:
· Alt-1: CJT calibration reporting is based on NTRP NZP CSI-RS resources associated with the NTRP TRPs
· FFS: whether a reference port per CSI-RS resource for calibration information measurement needs to be identified
· Alt-2: CJT calibration reporting is based on NTRP TRSs associated with the NTRP TRPs
· FFS: whether each TRS comprises 2 or 4 CSI-RS resources
· FFS: the time-domain behavior of the calibration information measurement RSs
1. Support CSI calibration feedback reporting for CJT synchronization with reporting time, frequency and/or phase offset values of  TRPs with respect to a reference TRP
· FFS: down selection of at most two of the offset value types including time, frequency and phase offset reporting
· FFS: Whether the reference TRP is fixed, network configured or UE selected
1. Study the possible reporting format for DL time, frequency and/or phase offset values for calibration feedback reporting, including the following alternatives:
· Time offset values: a fraction of CP value or an absolute time value in microseconds
· Frequency offset values: a fraction of SCS value or an absolute value in Hz
· Phase offset values: a codebook of uniformly-spaced phase values
· FFS: the resolution of reporting the time/frequency/phase offset values
1. For CJT calibration feedback reporting, study whether an indicator of a refined PMI subband size based on a measure of the effective delay spread needs to be explicitly reported in the CJT calibration feedback report
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