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1. Introduction
In the RAN#94e meeting, the working item “NR MIMO evolution for downlink and uplink” for Rel-18 is approved. The objectives for DL CSI enhancement include 
· Study, and if justified, specify CSI reporting enhancement for high/medium UE velocities by exploiting time-domain correlation/Doppler-domain information to assist DL precoding, targeting FR1, as follows:
-	Rel-16/17 Type-II codebook refinement, without modification to the spatial and frequency domain basis
-	UE reporting of time-domain channel properties measured via CSI-RS for tracking
· Study, and if justified, specify enhancements of CSI acquisition for Coherent-JT targeting FR1 and up to 4 TRPs, assuming ideal backhaul and synchronization as well as the same number of antenna ports across TRPs, as follows:
· Rel-16/17 Type-II codebook refinement for CJT mTRP targeting FDD and its associated CSI reporting, taking into account throughput-overhead trade-off
· Note: the maximum number of CSI-RS ports per resource remains the same as in Rel-17, i.e. 32
In this technical document, we share our study results and views based on the agreements from the RAN1#109e meeting [2] and the RAN1#110 meeting [3].
2. CSI enhancement for high/medium UE velocities
2.1. [bookmark: _Ref113373137]Codebook structure
In the RAN1#110 meeting, we have the following agreements on the codebook structures, the DD/TD basis waveforms, and on the introduction of DD/TD unit:
	Agreement
For the Rel-18 Type-II codebook refinement for high/medium velocities, down-select one from the following codebooks structures:
· Alt2A: Doppler-domain basis commonly selected for all SD/FD bases, e.g. 
· Note that  may be the identity as a special case
· Alt2B: Doppler-domain basis independently selected for different SD/FD bases 
· Note that  may be the identity as a special case
· Alt3. Reuse Rel-16/17 (F)eType-II codebook with multiple  and a single  and  report.
Agreement
For the Rel-18 Type-II codebook refinement for high/medium velocities, on the DD/TD basis waveforms:
· Down-select or combine from the following Doppler-/time-domain basis waveforms:
· Alt1. Orthogonal DFT
· TBD (by RAN1#110bis): whether rotation is used or not
· FFS: identical or different rotation factors for different SD components
· Alt2. Identity (i.e. no Doppler-/time-domain compression)
· FFS: Whether Doppler-/time-domain (DD/TD) basis vector length (N4) is RRC-configured or reported by the UE
· FFS: Whether the number of selected DD/TD basis vectors (for Alt1) is RRC-configured or reported by the UE
Agreement
For the Rel-18 Type-II codebook refinement for high/medium velocities, support DD/TD (compression) unit (analogous to PMI sub-band for Rel-16 codebook) as a codebook parameter.
· FFS: whether this parameter is defined as a function of another parameter
· FFS: whether this is used for PMI only or PMI/CQI



If the number of time-domain basis vectors  is small, e.g., , then time-domain compression and thus orthogonal DFT would be unnecessary. The value of  depends on the following: 
1) Capable prediction range (size of CSI reporting window): 
2) Time domain (TD) unit size (in slots): 
In the following, we assume . For TD unit,  equal to the CSI-RS periodicity should be supported as baseline. As a low-complexity implementation, the predicted CSI follows the arithmetic progression of CSI-RS transmission occasions. For each TD unit, the slot with predicted CSI represents the entire TD unit, which is termed Scheme 1 for convenience of comparison. In our previous contribution [4], we showed that with CSI interpolation, depicted in Figure 1,  can provide a better performance than  at the cost of more feedback overhead. The scheme with  is termed Scheme 2. We recently notice that thanks to CSI interpolation, the performance for the case of  can be improved if the precoders are determined using all predicted/interpolated CSI within the same TD unit, which is termed Scheme 3. 
Table 1 compares the performance of the mentioned three schemes, where , RI, and CQI are calculated using the predicted CSI. The simulation assumptions can be found in Appendix I. First, due to the fact that prediction further into the future is a challenging task, we observe that the achievable throughput gains decrease as the size of CSI reporting window increases.



[bookmark: _Ref112937455][bookmark: _Ref112937516]Figure 1: CSI prediction and interpolation
[bookmark: _Ref113366303]Table 1: Throughput gain comparison of CSI prediction schemes
	CSI-RS periodicity 5 slots, #CSI-RS = 10

	 (slots)
	
	
	
	

	UMa
30km/h
	Scheme 1
	18.3%
	13.2%
	7.4%
	5.4%

	
	Scheme 2
	32.3%
	26.7%
	17.9%
	13.1%

	
	Scheme 3
	32.5%
	27.4%
	19.3%
	13.9%

	RMa
60km/h
	Scheme 1
	13.4%
	10.2%
	8.5%
	7.1%

	
	Scheme 2
	17.8%
	12.0%
	10.2%
	8.6%

	
	Scheme 3
	21.5%
	17.4%
	15.5%
	12.7%



Observation 1: Extrapolation performance degrades as the size of CSI reporting window increases.
Scheme 2 outperforms Scheme 1 thanks to finer precoder resolution in time. However, if for each TD unit we calculate one single joint CSI using all predicted and interpolated CSI, i.e., Scheme 3, a similar performance can be attained for the case of UMa 30 km/h and better throughput gain can be attained for the case of RMa 60 km/h. One main reason is that frequent precoder updates make interference more dynamic, and it would become challenging to set the right MCS values for UEs. There seems to be a tradeoff between precoder accuracy and interference management at high UE velocities.
Observation 2: Assuming CSI interpolation, joint CSI calculation for the entire TD unit is more robust than individual CSI calculation for each slot.
As our simulation results show that small values of  () can provide competitive performance, we propose to support such configuration.
Proposal 1: For the Rel-18 Type-II codebook refinement for high/medium velocities, at least identity is supported as a DD/TD basis waveform.
As companies/institutes can show performance gains with large values of , we are fine with the specification of time-domain compression using orthogonal DFT. Then, we have the following proposal: 
Proposal 2: For the Rel-18 Type-II codebook refinement for high/medium velocities, if , then the identity basis is applied. If , then the orthogonal DFT basis is applied and commonly selected for all SD/FD bases.
When comparing between Alt2A and Alt3,  should be supported for the case of identity basis. Given   and , essentially 2-point DFT gives  and . A time-domain compression implies gNB only acquires one Doppler component. Recovering the s from a single Doppler component involves merely phase rotation. As common phase rotation does not change the performance of precoders, gNB might as well double the size of TD unit and set .
As the TDCP feature can be used to determine a suitable  value and frequent updates seem unnecessary, we prefer that  is RRC-configured.
Proposal 3: For the Rel-18 Type-II codebook refinement for high/medium velocities, Doppler-/time-domain (DD/TD) basis vector length () is RRC-configured.
As Scheme 3’s performance is compatible with Scheme 2’s performance, it suffices that the size of TD unit is the same as the periodicity of the associated CSI-RS. In addition, our simulation results do not show gains of CQI reporting per TD unit, so for simplicity we prefer that the TD unit is used for PMI only.
Proposal 4: At least support the size of TD unit equal to the time gap of equally spaced CSI-RS transmission occasions.
Proposal 5: TD unit is used for PMI only.
2.2. CSI prediction
In the RAN1#110 meeting, UE-based prediction is agreed to be supported. Also, we have the following agreements on the definition of UE-side prediction and the starting position of CSI reporting window [3]:
	Agreement
[bookmark: _Hlk113366938]On the CSI reporting and measurement for the Rel-18 Type-II codebook refinement for high/medium velocities assuming the UE-side prediction, on the definition of UE-side prediction, down-select one from the following alternatives by RAN1#110bis-e:
· Alt1. UE “predicting” channel/CSI after the slot with a reference resource 
· Alt2. UE “predicting” channel/CSI after slot n (where the CSI is reported) 
· Alt3. UE “predicting” channel/CSI after the slot where CSI-RS resides

Agreement
On the CSI reporting and measurement for the Rel-18 Type-II codebook refinement for high/medium velocities, when UE-side prediction is assumed, down-select one from the following alternatives by RAN1#110bis-e:
· Alt1.B:  l ≥ nref
· nref (a CSI reference resource slot) as boundary
· Alt2.B: l ≥ n
· n (report slot) as boundary



Assuming UE-side prediction, the CSI before the CSI reporting slot cannot be used directly by gNB and thus can be considered as redundant. Even if the CSI before the CSI reporting slot needs to be predicted for the sake of predicting CSI afterwards, it does not imply that UEs need to calculate and report the corresponding PMIs. At least from the perspective of UE complexity, the CSI reporting window should start no earlier than the CSI reporting slot . 
From the perspective of specification, gNB does not need to know the reported precoders are predicted for slot(s) before or after slot . gNB only needs to know what precoder should be applied from slot  onwards. A less capable UE can still predict up to certain slot before slot , say slot , and reports the CSI calculated for slot . Therefore, there is no need to move the starting position of CSI reporting window backward to facilitate UE’s prediction.
Next, we compare the case of using the latest CSI-RS transmission occasion as reference and the case of using the predicted CSI as reference. Specifically, the reference is used to calculate single , RI, and CQI for the entire CSI reporting window. Both cases assume Scheme 3 and the results are shown in Table 2. It can be seen that for the UMa scenario with UE speed 30 km/h, using the predicted CSI as reference provides a better performance. To summarize, from the perspectives of performance and UE complexity, it is worth the specification effort to support that the CSI reporting window starts no earlier than the CSI reporting slot . 
Proposal 6: On the CSI reporting and measurement for the Rel-18 Type-II codebook refinement for high/medium velocities assuming the UE-side prediction, support UE predicting channel/CSI after slot  and l ≥ n, where slot  is the CSI reporting slot.
[bookmark: _Ref113366262]Table 2: Throughput gain comparison of CSI reference
	CSI-RS periodicity 5 slots, #CSI-RS = 10

	 (slots)
	
	
	
	

	UMa
30km/h
	Slot 
	28.7%
	22.1%
	13.7%
	9.2%

	
	Predicted CSI
	32.5%
	27.4%
	19.3%
	13.9%

	RMa
60km/h
	Slot 
	20.6%
	18.7%
	15.8%
	14.2%

	
	Predicted CSI
	21.5%
	17.4%
	15.5%
	12.7%


2.3. On refinement of CSI-RS resource setting
In the RAN1#109e meeting, we have the following agreements about enhancement of CSI-RS configuration [2]:
	Agreement
On potential refinement of Resource setting configuration associated with Type-II codebook refinement for high/medium velocities, study the following options to assess whether/how the legacy Resource setting configuration needs to be enhanced for “burst” measurement:
· Periodic (P) CSI-RS: periodicity and offset
· Semi-persistent (SP) CSI-RS: activation/deactivation, periodicity, and offset
· Aperiodic (AP) CSI-RS: triggering, offset of a group of AP CSI-RS resources   
FFS: Support for K>1 NZP CSI-RS resources association with Type-II codebook refinement for high/medium velocities
FFS: Whether specification support for jointly utilizing two types of CSI-RS time-domain behaviors is needed



Introduction of CSI-RS burst is a double-edged sword. On the one hand, CSI-RS burst allows to observe higher Doppler shifts. In other words, finer channel variation can be detected and thus we can have a better precoder granularity in time. On the other hand, a mere burst sacrifices the resolution in Doppler domain as the size of measurement window is reduced.
When the CSI measurement window is larger than or equal to the CSI reporting window, the CSI-RS overhead is solely determined by the CSI-RS periodicity. Thus, if we decrease the CSI-RS periodicity but intend to maintain the same CSI-RS overhead, then the CSI reporting window needs to be larger than the CSI measurement window. For example, if the CSI-RS periodicity is reduced from  slots to  slot(s), the CSI reporting window needs to be  times wider than the CSI measurement window so that the CSI-RS overhead remains the same. An illustration for  is given in Figure 2.
Now we compare the achievable throughput gains for the following cases:
Case 1: CSI-RS periodicity reduction
Case 2: CSI-RS burst with reduced CSI-RS periodicity
Denote by  the CSI-RS periodicity in slot. For case 1, we set  and . For Case 2, we check the case where  and . Scheme 3 in Sec. 2.1 is applied, but the implementation details are different from that for Table 1 and Table 2. The throughput gains are shown in Table 3. 


[bookmark: _Ref113368652][bookmark: _Ref113368646]Figure 2: Illustration of CSI-RS burst
[bookmark: _Ref113373037]Table 3: Performance comparison of CSI measurement and reporting configurations
	
	, 
	, 

	CSI-RS periodicity
(slot)
	1
	2
	3
	4
	5
	1
	2
	3
	4

	UMa 30 km/h
	4.2%
	23.0%
	26.6%
	27.3%
	26.6%
	-12.7%
	-12.3%
	-19.1%
	-25.0%

	UMa 60 km/h
	10.8%
	31.8%
	25.7%
	7.9%
	0.9%
	-19.3%
	-18.9%
	-24.2%
	-37.3%

	RMa 60 km/h
	-1.5%
	18.5%
	22.5%
	21.9%
	20.3%
	-1.4%
	-0.8%
	-6.2%
	-15.4%

	RMa 120 km/h
	-3.0%
	20.1%
	13.0%
	18.2%
	17.2%
	-5.6%
	-6.4%
	-13.8%
	-19.3%



For , the CSI prediction performance can be greatly improved by reducing the CSI-RS periodicity. However, in the meantime the CSI-RS overhead also increases. Except for the case of UMa 60 km/h, the throughput gains provided by reducing CSI-RS periodicity are marginal. For the case of UMa 60 km/h, the throughput can be boosted by 30% by reducing CSI-RS periodicity from 5 ms to 2 ms. As for , the CSI prediction performance drops significantly. It implies that even if  can reduce the CSI-RS overhead, the CSI prediction performance will be too bad to be beneficial.
Observation 1: To enhance the throughput for the case of UMa 60 km/h, reducing CSI-RS periodicity to 2, 3 ms is beneficial.
Observation 2: Linear prediction does not perform well under CSI-RS burst measurement.
Our analysis shows that for periodic or semi-persistent CSI-RS, a “burst” measurement is not beneficial. Also, it is less common that most UEs in a UMa scenario are moving with 60 km/h. Then, introducing smaller CSI-RS periodicity may result in unnecessary overhead for most UEs. Therefore, no enhancement is needed for periodic or semi-persistent CSI-RS. To support UMa 60 km/h, we prefer to use aperiodic CSI-RS. Aperiodic CSI-RS naturally requires a burst measurement as multiple CSI-RS transmission occasions are needed to perform CSI prediction.
Proposal 7: Consider only aperiodic CSI-RS for refinement of CSI-RS resource setting configuration associated with Type-II codebook refinement for high/medium velocities.
An aperiodic CSI-RS burst can be realized by 
Alt. 1: Triggering multiple CSI-RS resources; or 
Alt. 2: Triggering the same CSI-RS resource multiple times. 
For CSI prediction, we think identical configurations in spatial and frequency domains are necessary. For Alt. 1, if the CSI-RS resources have different IDs, then it incurs unnecessary signalling overhead. If the CSI-RS resources share the same ID, then it is very similar to Alt. 2. Alt.2 has a smaller specification impact as we have 
“A UE is not expected to be configured with more than one CSI-RS resource in resource set for channel measurement for a CSI-ReportConfig with the higher layer parameter codebookType set to 'typeII', 'typeII-PortSelection', 'typeII-r16', 'typeII-PortSelection-r16', or 'typeII-PortSelection-r17'.”
Besides, Alt. 2 enjoys a much simpler way for configuring triggering offsets for equal-spaced CSI-RS transmissions. To facilitate CSI prediction, it is preferable that the CSI-RS transmissions are equal-spaced. Specifically, it suffices to introduce “number of transmission occasions in the burst” and “time gap between adjacent CSI-RS transmission occasions” in the RRC IE NZP-CSI-RS-ResourceSet.
Proposal 8: To support aperiodic CSI-RS burst, introduce “number of transmission occasions in a burst” and “time gap between adjacent CSI-RS transmission occasions” in the RRC IE NZP-CSI-RS-ResourceSet.
As the CSI reporting slot may be distant from the triggering DCI, the reporting slot and CSI computation time should be based on a different reference. A natural candidate would be the last CSI-RS transmission occasion in the burst.
Proposal 9: For aperiodic CSI reporting using aperiodic CSI-RS burst, the last CSI-RS transmission occasion in the burst is used as the reference for calculating reporting slot offset and CSI computation time.

2.4. Time-domain channel properties (TDCP)
In the RAN1#110 meeting, we have the following agreements on the TRS-based TDCP reporting [3]:
	Agreement
For the Rel-18 TRS-based TDCP reporting, down select one of the following alternatives by RAN1#110bis-e:
· AltA. Based on Doppler profile
· E.g., Doppler spread derived from the 2nd moment of Doppler power spectrum, average Doppler shifts, Doppler shift per resource, maximum Doppler shift, relative Doppler shift, etc
· AltB. Based on time-domain correlation profile
· E.g. Correlation within one TRS resource, correlation across multiple TRS resources
· Note: The correlation over one or more lags of TRS resource may be considered.  The lags may be within one TRS burst or different TRS bursts
· AltC: CSI-RS resource and/or CSI reporting setting configuration parameter(s) to assist network
· E.g. gNB configures UE with multiple choices on what to assist (e.g. two or more CSI-RS/report periodicities, or precoding schemes depending mainly on UE velocity), then UE report according to configuration; parameters correspond to CSI reporting periodicity, codebook type, etc.
· Note: Different alternatives may or may not apply to different use cases



Our first preference is AltC, which can better reflect UE’ preferences based on its measurements and implementation details. Having said that, as AltC does not have majority support, we can accept AltB, which is simpler for UE implementation.
Proposal 10: For TRS-based TDCP reporting, support AltB, i.e., based on time-domain correlation profile.
Since TRS measurement is performed at the UE side, UE can better detect any change in the Doppler domain. Most likely these changes do not follow a certain pattern, so periodic or semi-persistent reporting can result in either redundant reporting or delayed reporting. By contrast, event-triggered reporting can efficiently resolve this issue. Therefore, we propose to support event-triggered reporting. If UE reports assistance information on CSI-RS resource setting or CSI reporting setting, then UE-initiated reporting can also be supported. The signaling design can just follow the event-triggered reporting, where some predefined rules are specified to limit UE’s behavior. The design of power headroom reporting can be a starting point.
Proposal 11: For TRS-based TDCP reporting, event-triggered (UE-initiated) reporting is supported.


3. CSI enhancement for coherent JT
In this section, we continue the discussion on CSI enhancements for mTRP CJT and share our results and views on Rel-16 eType II based codebook enhancement, linear combination coefficient quantization and TRP selection.
3.1. Type II Codebook Enhancement based on Rel-16
In RAN1 #110, the following agreements were made for Rel-18 codebook enhancements for Coherent-JT [3]
	Agreement
For the Rel-18 Type-II codebook refinement for CJT mTRP with NTRP>1 TRP/TRP-groups, support NTRP={1, 2, 3, 4} with equal priority.
Agreement
For the Rel-18 Type-II codebook refinement for CJT mTRP with NTRP>1 TRP/TRP-groups, the following is supported:
· The CMR comprises K>1 NZP CSI-RS resources, where one resource corresponds to one TRP/TRP-group (i.e. K=NTRP)
· Each of the CSI-RS resources has a same number of CSI-RS ports
· Note: The terms TRP and TRP-group are used for discussion purposes only (no spec impact is implied).

Agreement
The Rel-18 Type-II codebook for CJT mTRP comprises refinement of the following codebooks:
· Refinement of the Rel-16 eType-II regular codebook
· Refinement of the Rel-17 FeType-II port selection (PS) codebook, based on the same design details as the refinement of the Rel-16 eType-II regular codebook, except for the supported set of parameter combinations
Strive to maintain as much commonality between the Rel-16 and Rel-17 codebook enhancements to minimize workload.

Agreement
For the Rel-18 Type-II codebook for CJT mTRP based on the Rel-16 Type-II codebook, SD basis and FD basis are separate, each fully reusing the legacy Rel-16 DFT-based design.

Agreement
For the Rel-18 Type-II codebook for CJT mTRP, support the following two modes:
· Mode 1: Per-TRP/TRP-group SD/FD basis selection which allows independent FD bases selection across N TRPs / TRP groups. Example formulation (N = number of TRPs or TRP groups):

· Mode 2: Per-TRP/TRP group (port-group or resource) SD basis selection and joint/common (across N TRPs) FD basis selection. Example formulation (N = number of TRPs or TRP groups):

· Striving for the two modes to share commonality in detailed designs such as parameter combinations, basis selection, TRP (group) selection, reference amplitude, W2 quantization schemes.
· FFS: Depending on the decision on SCI design, whether additional per-TRP/TRP-group amplitude scaling and/or co-phase is needed or not, and whether they are a part of W2s



3.1.1 On SD bases parameter configuration, selection, and reporting
In both codebook modes 1 and 2, it was agreed in the last meeting that the SD beam matrix would be TRP specific, i.e., , where  is the number of Tx antenna ports (#CSI-RS ports) in TRP , and  is the number of SD beams for TRP . For the parameter configuration, selection, and reporting of SD beams, it is generally preferred to extend legacy Rel-16 behaviour in the following manners:
· SD parameter configuration: SD parameter configuration can be extended from Rel-16 by gNB configuring  for TRP  Since the channel conditions are different for different TRPs, it is expected that the number of SD beams for different TRPs are different.
· SD bases selection: SD bases are selected in a polarization-common and layer-common manner. Additionally, they are selected in TRP specific manner, following the higher-layer SD parameter configuration per TRP (per CSI-RS resource).
· SD bases reporting: The reporting is done using  bits for TRP  in a polarization-common and layer-common manner.
Proposal 12: For Rel-18 Type II codebook for mTRP CJT, TRP specific SD bases  for TRP  are configured by the gNB via higher-layer signalling.
Proposal 13: For Rel-18 Type II codebook for mTRP CJT, TRP specific, layer-common and polarization-common SD bases reporting is supported.
3.1.2 On FD bases configuration, selection and reporting
In the previous meeting, it was agreed that two codebook modes would be supported – corresponding to TRP specific and TRP common FD bases selection. From specification and implementation perspective, it benefits to achieve commonality in the two modes, as was also discussed in the last meeting. Towards this, we present the simulation results for the two codebook modes in Figure 3.

[bookmark: _Ref115277566]Figure 3: Avg. UPT gain of CJT codebook modes 1 and 2.
Simulations are carried out for 4-TRP CJT case, where the 4 TRPs are located within the same cell site (sector) with ISD = 200 m. Each TRP contains 8Tx antenna ports and UE contains 2 Rx antenna ports. SU/MU-MIMO up to rank 2 is supported. The baseline for average UPT gain is the conventional single TRP with 8 Tx ports and Rel-16 eType II precoder with parameter combination 1. The remaining simulation assumptions are presented in Appendix II for convenience. The parameter combinations (PC) PC 1 to PC 4 used for simulations are presented in the following table:
	PC
	
	
	

	1
	1
	¼ 
	¼ 

	2
	1
	½ 
	¼ 

	3
	2
	¼ 
	¾ 

	4
	4
	¼ 
	¾ 



In the parameter combinations, it is assumed that  is configured by the gNB for each TRP. For Mode 1 codebook, it is assumed that  is configured for each TRP, and  is configured jointly across all TRPs for Mode 2 codebook. For both modes, Alt 1 coefficient quantization is used with a common compression coefficient . In other words, the total number of non-zero coefficients (NNZC) per layer in Mode 1 is  and in Mode 2 is . At the UE, the precoder for both modes is calculated from the SVD of the joint mTRP channel, while FD compression on precoder linear combination coefficients (LCCs) is performed according to the codebook mode.
It is seen from the simulation results that Mode 1 and Mode 2 codebook yield similar performance. Mode 1 achieves 2~3 % higher UPT than Mode 2, however, at the cost of increased overhead of reporting TRP specific FD bases and NNZC. To check the FD bases difference among TRPs in Mode 1 codebook, we plot the statistics of the strongest FD bases as found after FD compression of LCCs. The statistics, which represent the probability mass function of the strongest FD bases for 1 layer averaged across all UEs, are shown in Figure 4. It is of interest to note that the statistics are calculated for 4-TRP CJT with ISD=800m, which ensures there is a significant propagation delay difference among different TRP channels.
[image: ]
[bookmark: _Ref115277642]Figure 4: Statistics of dominant FD bases in codebook Mode 1
It is seen that the dominant FD bases are the same across TRPs. In our thinking, this happens because the FD compression is done on the SVD precoder of the joint mTRP channel, due to which the SVD precoder can achieve a phase coherent transmission from across the TRPs. Achieving phase coherency across TRPs is equivalent to FD bases being similar across TRPs. However, since these are averaged across all UEs, there could still be some FD difference for certain UEs. Also, for deployments involving inter-site mTRP, there could be differences in FD bases among TRPs. Nevertheless, on an average, it is of interest to note the similar performance of the two modes in specific scenarios.
Observation 3: Mode 1 and Mode 2 codebook structures achieve nearly same performance in intra-cell mTRP scenarios.
Observation 4: For Mode 1 codebook structure, the dominant FD bases computed from FD compression of precoder coefficients are the same for all TRPs
With the current formulation of Mode 1 codebook, there is no way for the UE to report a common FD bases set even if the FD bases across TRPs are same/similar. This increases the feedback overhead of reporting per TRP FD bases. Further, for the reporting of SCI, there would be ambiguity with respect to which TRP FD bases to perform the FD remapping to basis 0.
Observation 5: There are potential differences in FD bases reporting and  quantization schemes for Mode 1 and Mode 2 codebook structures.
Therefore, to unify the parameter configuration and reporting of Mode 1 and Mode 2 codebooks, we propose that a common FD bases set  of size  be specified for both modes. One possible interpretation of the common set would be in which  represents the the union of the FD bases for each TRP, i.e.,

Proposal 14: For Mode 1 structure in Rel-18 Type II codebook for mTRP CJT, specify a common FD bases set for all TRPs, as an example, by way of union of FD bases across all TRPs.
3.2. On coefficient quantization
In RAN1 #110, the following agreement was made regarding coefficient quantization for Rel-18 codebook [3]
	Agreement
On the Type-II codebook refinement for CJT mTRP, regarding W2 quantization group and Strongest Coefficient Indicator (SCI) design, for each layer, down-select one from the following alternatives by RAN1#110bis-e:
· Alt1. One group comprises one polarization across all TRPs/TRP-groups (Cgroup,phase = 1, Cgroup,amp = 2), one (common) SCI across all TRPs/TRP groups
· Alt2. One group comprises one polarization for one TRP/TRP-group (Cgroup,phase = N, Cgroup,amp = 2N), per-TRP/TRP-group SCI
· FFS: Quantization of N strongest coefficients  
· Alt3. One group comprises one polarization for one TRP/TRP-group with a common phase reference across TRPs/TRP-groups (Cgroup,phase = 1, Cgroup,amp = 2N), one (common) SCI across all TRPs/TRP group
· FFS: Quantization of N strongest coefficients
· Alt4. For a selected TRP/TRP-group, one group comprises one polarization, and for remaining N-1 TRPs/TRP-groups, one group comprises one polarization across remaining N-1 TRPs/TRP-groups (Cgroup,amp = 2+2 = 4), with a common phase reference across all of N TRPs/TRP-groups (Cgroup,phase = 1)
· FFS: The selected TRP/TRP-group
FFS: The need for “strongest” TRP/TRP-group indicator in addition to SCI(s)




In this section, we discuss these quantization alternatives and conduct their performance evaluation. 
3.2.1 Performance evaluation of quantization alternatives
Figure 5 shows an illustration of the quantization alternatives for a 4-TRP CJT. In this illustration, we assume Mode 2 codebook, where the same  FD bases are selected across all TRPs. For Mode 1 codebook, the  FD bases represent the size of the union of the FD bases across different TRPs. Each TRP is associated with  SD bases, so that the total number of SD bases across TRPs is . The linear combination coefficient matrix  is therefore of size 
In Alt.1, the first polarization of all TRPs forms the first amplitude group, and the second polarization of all TRPs forms the second amplitude group. The strongest coefficient among the two groups forms the common SCI across all TRPs. The amplitude and phase of this coefficient are normalized to 1 and 0, respectively, and are not reported. The strongest coefficient in the other group is represented using 4-bit reference amplitude and 4-bit phase. Amplitudes of all the remaining coefficients are quantized relative (differential) to the amplitude of the strongest coefficient of the group which the coefficient belongs to, i.e., in the illustration, amplitudes of the coefficients in first polarization are quantized relative to the SCI, and the amplitude of the coefficients in the second polarization are quantized relative to the strongest coefficient at . The differential amplitudes are quantized using 3 bits.
Alt. 2 is a quantization scheme which extends the legacy Rel-16 eType II scheme to per TRP coefficients. Each TRP consists of two amplitude groups corresponding to the first and second polarizations. The stronger coefficient among the two groups forms the SCI for that TRP and the strongest coefficient of the other group is quantized using 4-bit reference amplitude. All the other coefficients are quantized differential to the strongest coefficients in the corresponding group using 3 bits.

[image: ]
[bookmark: _Ref115277514]Figure 5: Illustration of  coefficient quantization alternatives
In Alt. 3, one amplitude group consists of one polarization of one TRP, so there are  amplitude groups, like Alt. 2. The difference in Alt. 3 is that there is a common SCI unlike 4 SCIs in Alt. 2. However, in Alt. 3, there are  4 strongest coefficient whose quantization is to be studied in this meeting. In our understanding, the common SCI forms one of the strongest coefficients, whose amplitude and phase are 1 and 0 respectively, which are not reported. For the remaining 3 strongest coefficients, if they are normalized to have unit amplitude and zero phase, it falls back to Alt. 2. Further, doing so creates 4 phase references (coefficients with zero phase), which goes against the agreement. Therefore, for the remaining  strongest coefficients, we assume that they are quantized to 4-bit reference amplitudes. The strongest coefficients in the remaining amplitude groups are also quantized to 4-bit reference amplitudes. Amplitudes of all the remaining coefficients are quantized relative to the strongest coefficient of the amplitude group in which they are located.
For Alt. 4, the two polarizations of a selected TRP form two amplitude groups. The first and second polarizations of all the remaining TRPs form two more amplitude groups. For our simulation study, we consider the TRP containing the overall (common) SCI to be the selected TRP. The amplitude of the strongest coefficient of the other polarization in the selected TRP is quantized using a 4-bit reference amplitude. The strongest coefficients in the remaining two amplitude groups are also quantized using 4-bit reference amplitude. All the remaining coefficients are quantized relative to the strongest coefficient of the corresponding group.
Finally, in all alternatives, the phases of all coefficients except the SCI(s) are quantized using 4 bits.
Figure 6 shows the performance of the described quantization schemes. Mode 2 codebook is used for the evaluation of these alternatives.

[bookmark: _Ref115277440]Figure 6: Avg. UPT gain of coefficient quantization alternatives with Mode 2 codebook.
 We make the following observations from the performance results:
· Alt 2 has a poor performance compared to the remaining alternatives. The primary reason for this is that this alternative has a separate amplitude and phase reference for each TRP. Therefore, even while the linear combination coefficients derived from the ideal SVD precoder of the joint mTRP channel enable amplitude and phase coherent transmission, the TRPs become non-coherent after quantization.
· Alt 3 performs relatively much better than Alt 2 because it has a common phase reference (common SCI) across all TRPs. However, since the remaining  strongest coefficients have their individual references relative to which the other coefficients are quantized, there are effectively  amplitude references. This causes the precoding vectors to be not linearly proportional to the eigen vectors of the mTRP channel and there is inter-layer interference.
· Alt 1, which has a single amplitude and phase reference, performs significantly better than Alt 2 and Alt 3.
· Alt 4 shows much better performance than Alt 2 and Alt 3. There are 3 amplitude references of which one belongs to the strongest TRP. Since the selected TRP is the one which contains the SCI, the performance of Alt 4 is similar to that of Alt 1.
Observation 6: Alt 2 quantization has  SCIs, due to which phase coherence cannot be maintained among different TRP precoders and therefore it yields a poor performance.
Observation 7: Alt 3 quantization scheme can give a much better performance than Alt 2 by virtue of having a single phase reference (single SCI whose amplitude and phase is not reported).
Observation 8: Alt 1 and Alt 4 quantization schemes achieve nearly same performance.
We also present the feedback overhead of these alternatives in the following table. The feedback overhead is calculated based on the following assumptions: 
· Number of coordinating TRPs 
·  Tx ports at each TRP
· Oversampling ratios at each TRP, 
· Number of PMI subbands 
· Rank = 2

	PC
	
	
	
	Mode 2 Feedback Overhead

	
	
	
	
	Alt 1
	Alt 2
	Alt 3
	Alt 4

	1
	1
	¼ 
	¼ 
	122
	106
	168
	136

	2
	1
	½  
	¼ 
	212
	196
	258
	226

	3
	2
	¼ 
	¾ 
	440
	430
	484
	452

	4
	4
	¼ 
	¼  
	382
	378
	424
	392



From feedback overhead perspective, we make the following observations:
· Alt 2 has a lower overhead compared to the remaining alternatives. This is because it saves overhead bits to report  SCIs. However, the poor performance of this alternative suggests that additional per TRP co-scaling (amplitude and phase) is needed to achieve a coherent mTRP precoder. When the overhead of co-scaling coefficients is accounted for, the total feedback overhead of Alt 2 would be higher.
· Alt 3 has the highest overhead since it reports  4-bit reference amplitudes.
· Alt 1 and Alt 4 show nearly same overhead, with Alt 4 consuming slightly higher bits to report the additional reference amplitudes compared to Alt 1.
Finally, from implementation perspective, we have the following observations:
· Alt 1 retains the same implementation as legacy Rel-16 and Rel-17 type II codebooks
· Alt 2 and Alt 3 require  strongest coefficients, and the computation of differential amplitudes with respect to the corresponding strongest coefficients and reference amplitudes.
· Alt 4 requires a modified implementation compared to Alt 1 to compute the reference TRP and it’s quantization, followed by the quantization of remaining groups.
We summarise the above discussion using the following table:
	Alt
	Performance
	Overhead
	Spec. Impact
	Implementation impact

	1
	Good
	Slightly high
	Low
	Low

	2
	Poor
	Low
	Low
	Medium

	3
	Relatively better than Alt 2
	Higher
	Medium
	Medium

	4
	Good
	Slightly high
	Medium
	Medium



Observation 9: From performance point of view, Alt 1 and Alt 4 quantization schemes form candidates for further down selection. However, Alt 4 requires a new implementation different from legacy Rel-16 eType II.
Proposal 15: For  coefficient quantization scheme of R18 Type II codebook for mTRP CJT, support Alt 1 having 2 amplitude groups and 1 SCI overall.
3.2.2 Number of NZC and bitmap design
Due to the geographically separated deployment of multiple TRPs, it cannot be expected that the dominant SD-FD pairs for all TRPs are the same for a particular UE. Therefore, the positions of the NZC in the LCC matrix, which equivalently represent the indices of dominant SD-FD pairs in the mTRP CJT precoder cannot be the same across TRPs. Hence, it is required to have a TRP specific bitmap representing the positions of the dominant SD-FD pairs. For Mode 1 codebook, the size of the bitmap is  and for Mode 2 codebook, the size is . If a unified FD bases set is found for Mode 1 codebook as explained previously, then the size of the bitmap is  for both codebook modes.
Proposal 16: The bitmap representing the positions of the dominant SD-FD pairs in the Rel-18 Type II codebook for mTRP CJT is TRP-specific.
Regarding the number of NZC, it would not be advisable to allocate non-zero coefficients to a ‘weak’ TRP in the coordinating set. Such allocation would increase the feedback overhead without contributing meaningfully to improve performance. A joint allocation of NZC, or in other words, a joint constraint on NNZC across all TRPs is more appropriate. Given the joint constraint on NNZC, a single compression coefficient parameter  determines the total number of non-zero coefficients across all TRPs. For example, the total number of non-zero coefficients (NNZC) per layer in Mode 1 is  and in Mode 2 is .
Proposal 17: For R18 Type II codebook for mTRP CJT, the constraint on NNZC is jointly across all TRPs.
Proposal 18: For R18 Type II codebook for mTRP CJT, a single compression coefficient parameter  controls the total number of NZC across all TRPs.
3.3. On TRP selection mechanisms
In RAN1 #110, the following agreement was made regarding TRP selection for Rel-18 codebook [3]
	Agreement
On the Type-II codebook refinement for CJT mTRP, down-select from the following TRP selection/determination schemes (where N is the number of cooperating TRPs assumed in PMI reporting) by RAN1#110bis-e:
· Alt 1: via higher-layer (RRC) signalling
· The N configured TRPs are gNB-configured via higher-layer (RRC) signalling
· Note: only one transmission hypothesis is reported
· Alt 2: N is UE selected and reported as a part of CSI report where N {1,..., NTRP} 
· N is the number of cooperating TRPs, while NTRP is the maximum number of cooperating TRPs configured by gNB 
· In this case, the selection of N out of NTRP TRPs is also reported (FFS: exact reporting scheme)
· FFS: Configuration of NTRP TRPs and the value of NTRP, whether explicit or implicit
· Note: only one transmission hypothesis is reported. UE is not mandated to calculate CSI for multiple transmission hypotheses.
FFS: Whether S-TRP transmission hypothesis is also reported



In general, for DL mTRP CJT, UE has the downlink channel estimate and interference estimate to select the best coordinating TRPs to serve it. However, for the UE to do so, it needs to compute  transmission hypotheses to estimate the best serving TRPs, where  is the total number of configured TRPs. Further, since individual TRP SVD precoders cannot be derived from the SVD precoder of the joint mTRP channel, there is also a need to perform  SVD operations. This is computationally complex for the UE. Therefore, in order to limit UE computational complexity, we would prefer gNB to configure the cooperating TRPs from which the UE computes and reports a single mTRP hypothesis.
Proposal 19: For R18 Type II codebook for mTRP CJT, support gNB configuration of cooperating TRPs via higher-layer signalling.
Regarding reporting a single TRP hypothesis, we observe that due to per TRP SD bases , and the SCI (which is potentially remapped to FD basis 0 like legacy Rel-16 eType II), the gNB already has the required information to compute a wideband Rel-15 precoder for the strongest TRP. Therefore, an explicit reporting of sTRP hypothesis does not seem needed. However, whether the single TRP hypothesis corresponds to a Type II or eType II PMI needs further investigation.
Observation 10: Due to per TRP SD bases and the SCI potentially remapped to FD basis 0, gNB can reconstruct a wideband Rel-15 precoder for the strongest TRP.
Proposal 20: For R18 Type II codebook for mTRP CJT, an explicit reporting of sTRP hypothesis along with mTRP hypothesis is not needed.
Proposal 21: For R18 Type II codebook for mTRP CJT, further study the explicit reporting of single TRP hypothesis corresponding to a Type II or eType II PMI.
4. Conclusion
In summary, based on the above discussion we have the following observations and proposals:
Observation 1: Extrapolation performance degrades as the size of CSI reporting window increases.
Observation 2: Assuming CSI interpolation, joint CSI calculation for the entire TD unit is more robust than individual CSI calculation for each slot.
Observation 3: Mode 1 and Mode 2 codebook structures achieve nearly same performance in intra-cell mTRP scenarios.
Observation 4: For Mode 1 codebook structure, the dominant FD bases computed from FD compression of precoder coefficients are the same for all TRPs
Observation 5: There are potential differences in FD bases reporting and  quantization schemes for Mode 1 and Mode 2 codebook structures.
Observation 6: Alt 2 quantization has  SCIs, due to which phase coherence cannot be maintained among different TRP precoders and therefore it yields a poor performance.
Observation 7: Alt 3 quantization scheme can give a much better performance than Alt 2 by virtue of having a single phase reference (single SCI whose amplitude and phase is not reported).
Observation 8: Alt 1 and Alt 4 quantization schemes achieve nearly same performance.
Observation 9: From performance point of view, Alt 1 and Alt 4 quantization schemes form candidates for further down selection. However, Alt 4 requires a new implementation different from legacy Rel-16 eType II.
Observation 10: Due to per TRP SD bases and the SCI potentially remapped to FD basis 0, gNB can reconstruct a wideband Rel-15 precoder for the strongest TRP.
Proposal 1: For the Rel-18 Type-II codebook refinement for high/medium velocities, at least identity is supported as a DD/TD basis waveform.
Proposal 2: For the Rel-18 Type-II codebook refinement for high/medium velocities, if , then the identity basis is applied. If , then the orthogonal DFT basis is applied and commonly selected for all SD/FD bases.
Proposal 3: For the Rel-18 Type-II codebook refinement for high/medium velocities, Doppler-/time-domain (DD/TD) basis vector length () is RRC-configured.
Proposal 4: At least support the size of TD unit equal to the time gap of equally spaced CSI-RS transmission occasions.
Proposal 5: TD unit is used for PMI only.
Proposal 6: On the CSI reporting and measurement for the Rel-18 Type-II codebook refinement for high/medium velocities assuming the UE-side prediction, support UE predicting channel/CSI after slot  and l ≥ n, where slot  is the CSI reporting slot.
Proposal 7: Consider only aperiodic CSI-RS for refinement of CSI-RS resource setting configuration associated with Type-II codebook refinement for high/medium velocities.
Proposal 8: To support aperiodic CSI-RS burst, introduce “number of transmission occasions in a burst” and “time gap between adjacent CSI-RS transmission occasions” in the RRC IE NZP-CSI-RS-ResourceSet.
Proposal 9: For aperiodic CSI reporting using aperiodic CSI-RS burst, the last CSI-RS transmission occasion in the burst is used as the reference for calculating reporting slot offset and CSI computation time.
Proposal 10: For TRS-based TDCP reporting, support AltB, i.e., based on time-domain correlation profile.
Proposal 11: For TRS-based TDCP reporting, event-triggered (UE-initiated) reporting is supported.
Proposal 12: For Rel-18 Type II codebook for mTRP CJT, TRP specific SD bases  for TRP  are configured by the gNB via higher-layer signalling.
Proposal 13: For Rel-18 Type II codebook for mTRP CJT, TRP specific, layer-common and polarization-common SD bases reporting is supported.
Proposal 14: For Mode 1 structure in Rel-18 Type II codebook for mTRP CJT, specify a common FD bases set for all TRPs, as an example, by way of union of FD bases across all TRPs.
Proposal 15: For  coefficient quantization scheme of R18 Type II codebook for mTRP CJT, support Alt 1 having 2 amplitude groups and 1 SCI overall.
Proposal 16: The bitmap representing the positions of the dominant SD-FD pairs in the Rel-18 Type II codebook for mTRP CJT is TRP-specific.
Proposal 17: For R18 Type II codebook for mTRP CJT, the constraint on NNZC is jointly across all TRPs.
Proposal 18: For R18 Type II codebook for mTRP CJT, a single compression coefficient parameter  controls the total number of NZC across all TRPs.
Proposal 19: For R18 Type II codebook for mTRP CJT, support gNB configuration of cooperating TRPs via higher-layer signalling.
Proposal 20: For R18 Type II codebook for mTRP CJT, an explicit reporting of sTRP hypothesis along with mTRP hypothesis is not needed.
Proposal 21: For R18 Type II codebook for mTRP CJT, further study the explicit reporting of single TRP hypothesis corresponding to a Type II or eType II PMI.
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Appendix I
SLS assumptions for CSI enhancement of high/medium UE velocities
	Parameter
	Value

	Scenario
	Urban macro (UMa)
	Rural macro (RMa)

	Duplex, Waveform 
	FDD, OFDM 

	Multiple access 
	OFDMA 

	Frequency Range
	FR1 only, 2 GHz.

	Inter-BS distance
	200 m 
	1732 m

	Channel model
	According to the TR 38.901 

	Antenna setup and port layouts at gNB
	32 ports: (8,8,2,1,1,2,8), (dH,dV) = (0.5, 0.8)λ 

	Antenna setup and port layouts at UE
	4RX: (1,2,2,1,1,1,2), (dH,dV) = (0.5, 0.5)λ

	BS Tx power 
	41 dBm
	46 dBm

	BS antenna height 
	25 m 
	35 m

	UE antenna height & gain
	Follow TR36.873 

	UE receiver noise figure
	9 dB

	Modulation 
	Up to 256 QAM 

	Numerology
	Slot/non-slot 
	14 OFDM symbols per slot

	
	SCS 
	15 kHz 

	Simulation bandwidth 
	10 MHz

	Frame structure 
	Slot Format 0 (all downlink) for all slots

	MIMO scheme
	SU/MU MIMO with rank adaptation

	MIMO layers
	Maximum MU layers 8

	CSI-RS periodicity
	As shown in the tables

	CSI feedback 
	CSI feedback periodicity:  5 slots (baseline)
Scheduling delay: 4 ms (baseline)

	Traffic model
	FTP model 1 with packet size 0.5 Mbytes

	Traffic load (Resource utilization)
	70%

	UE distribution
	100% outdoor (30km/h)
	100% outdoor (60km/h)

	UE receiver
	MMSE-IRC

	Spatial consistency mobility procedure
	Disabled




Appendix II
SLS assumptions for CSI enhancement of coherent JT
	Parameter
	Value

	Duplex, Waveform 
	FDD, OFDM 

	Multiple access 
	OFDMA 

	Scenario
	Outdoor1: Dense urban macro with 4 intra-cell TRPs
[image: ] 

	Frequency Range
	2 GHz

	Inter-site distance
	200 m 

	Channel model
	Based on TR 38.901.
Difference in propagation delays between UE and NTRP TRPs is taken into account in the composite Channel Impulse Response (CIR)

	Antenna setup and port layouts at each TRP
	8 ports: (4,4,2,1,1,1,4), (dH,dV) = (0.5, 0.8)λ 

	Antenna setup and port layouts at UE
	2RX: (1,1,2,1,1,1,1)

	BS Tx power 
	44 dBm

	BS antenna height 
	25 m 

	UE antenna height & gain
	According to TR36.873 

	UE receiver noise figure
	9 dB

	Modulation 
	Up to 256QAM 

	Numerology
	Slot/non-slot 
	14 OFDM symbol slot

	
	SCS 
	15kHz 

	Simulation bandwidth 
	20 MHz 

	Frame structure 
	Slot Format 0 (all downlink) for all slots

	MIMO scheme
	SU/MU-MIMO adaptation with up to rank 2 

	CSI feedback 
	CSI feedback periodicity:  5 ms 
Scheduling delay: 4 ms

	Traffic model
	FTP model 1 with packet size 0.5 Mbytes

	Traffic load (Resource utilization)
	70% for MU-MIMO
20 % for SU-MIMO

	UE distribution
	80% indoor (3km/h), 20% outdoor (30km/h) 

	UE receiver
	MMSE-IRC 

	Baseline for performance evaluation
	Single TRP Rel-16 eTypeII 



Mode 1	PC 1	PC 2	PC 3	PC 4	85.735025422297497	89.873084332296344	114.80440660104807	120.42506290409266	Mode 2	PC 1	PC 2	PC 3	PC 4	85.762394430501416	86.974292921785846	109.55494701176787	119.85622480020535	
Avg. UPT gain (%)




Alt 1	PC 1	PC 2	PC 3	PC 4	85.762394430501416	86.974292921785846	109.55494701176787	119.85622480020535	Alt 2	PC 1	PC 2	PC 3	PC 4	9.4056458165503898	21.118001353995886	40.581655137308779	26.084935002603537	Alt 3	PC 1	PC 2	PC 3	PC 4	46.975263602142988	48.987301385555739	98.258218895514588	94.270151013153395	Alt 4	PC 1	PC 2	PC 3	PC 4	86.678051730244519	89.566933265422691	115.53174040568237	119.88105659744473	
Avg. UPT gain (%)
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