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In last meeting, there was good progress on enhancements of CSI acquisition for CJT and mobility with many agreements agreed [1]. 
In this contribution, we discuss the CSI enhancement for CJT and mobility.
[bookmark: _Ref129681832]CSI enhancement for coherent JT
Codebook structure for CJT CSI enhancement
According to the WID, the CSI enhancement for multi-TRP CJT will be based on Rel-16 eTypeII and Rel-17 FeTypeII codebooks respectively. In this section, the potential enhancements based on both Rel-16 eTypeII and Rel-17 FeTypeII codebooks are discussed.
Enhancement for Rel-16 eTypeII codebook
Joint Space-Frequency domain basis per TRP
Assuming a UE is served by N (up to 4) TRPs with CJT. To enable CJT, the information of channels between UE and the serving TRPs and the relative relationship between channels from different TRPs need to be fed back to gNB. 
Since the angle-delay pairs are different between channels of different TRPs, the channel projection to spatial domain and frequency domain basis is performed separately for different TRPs. The submatrix corresponding to each TRP in space-frequency form is represented and approximated by the combination of a set of spatial basis and a set of frequency basis. 
Then the starting point of CJT codebook design can be represented as the following formulation

where  is the  joint feedback matrix in space-frequency form,  is the sub-matrix corresponding to the nth TRP with dimension of . For the nth TRP,  is a  matrix consisting of  spatial basis,  is an  matrix composed of frequency basis, and  is the space-frequency combination coefficients with dimension  .  denotes the number of antenna ports, and  denotes the number of frequency units.  and  are respectively the number of spatial basis for each polarization and the number of frequency basis corresponding to TRP n. For each TRP,  strongest coefficients are selected from all  coefficients for reporting. Note that the values of ,  and  can be the same or different for each TRP. 
For each TRP, joint space-frequency domain basis can also be considered to take full advantage of the sparsity of channel in joint space-frequency domain. 
The codebook  for each TRP can be rewritten as (for simplicity the TRP index is omitted here)

where  is the entry (i, j) of ,  is the ith basis of , and  is the jth basis of . The above formula means that the space-frequency matrix  can be a linear combination of space-frequency basis matrix . Note that the basis matrix has a restriction of rank-1, as the product of a column vector and a row vector. A vectorized version of space-frequency matrix can be represented as 

If the restriction of rank-1 is relaxed, the basis  can be any joint SD-FD basis, which means it would provide a sparser representation of  than the restricted SD-FD separate basis. Such a sparser joint SD-FD basis comes from the statistical eigen-basis of joint SD-FD subspace. 
Based on this, a further refined CJT codebook design for the feedback of the joint precoding matrix for all TRPs is shown in Figure 1. The precoding submatrix of each TRP in joint space-frequency form is represented by the linear combination of a set of joint space-frequency domain basis vectors, each of which corresponds to one angle-delay pair actually. This CJT codebook can be represented as follows

where  is the vectorized precoding matrix  with dimension , and  corresponds to TRP n with dimension . For TRP n,  is a  matrix consisting of  joint space-frequency domain basis, and is the combination coefficients matrix with dimension.  denotes the number of joint space-frequency domain basis (angle-delay pair) for each polarization corresponding to TRP n. For each TRP,  strongest coefficients are selected from all  coefficients for reporting. Note that both the value of  and can be set as the same or different for each TRP.
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[bookmark: _Ref109729774]Figure 1.  A CJT codebook design based on joint space-frequency basis
Observation 1: The joint space-frequency domain basis can provide a sparser basis than independent spatial and frequency domain basis.
Long term eigenvector feedback
For Rel-16 eTypeII codebook, the spatial domain basis is a set of oversampled and orthogonal 2D-DFT beams, and the frequency domain basis is a set of orthogonal DFT vectors. Channel feedback based on spatial and frequency domain basis is to utilize the correlation of channel in a specific domain and to seek a set of sparse basis for an approximate representation of the precoding matrix. The sparser the projection of the channel on the basis, the fewer the number of basis required to represent the channel.
For multi-TRP CJT, the joint SD-FD eigenvectors which comes from the statistical eigen-basis of joint SD-FD subspace is much sparser than 2D-DFT/DFT basis. This is because the change of angle and delay is very slow, and the eigen-basis match the UE-specific statistical subspace better. Therefore, if the joint SD-FD basis in the codebook structure are selected from the statistical eigenvectors for the corresponding domain, the CSI precision can be improved. 
The statistical joint SD-FD eigenvector basis can be reported with longer periodicity due to its property of slowly varying. The coefficient  can be feedback with shorter periodicity to combine the eigenvector basis to re-construct the channel at gNB side.  Although the reporting overhead of statistical eigenvector basis would be larger than separate SD/FD DFT basis, the reporting periodicity of the former is much longer than the latter (for example 200ms v.s. 5ms, 40x of the regular CSI feedback periodicity). With a sparser joint SD-FD basis, fewer combination coefficients are needed to report for a target precision. Therefore, the overhead of short term feedback can be reduced. In this way, the feedback overhead can be significantly reduced while CSI precision is kept. 
For basis reporting, reusing Rel-16/17 codebook feedback framework can be a starting point for discussion instead of simply quantifying each element of the basis. For example, the eigenvector can be feedback by  in a long term.
Observation 2: Statistical eigen-basis is sparser than 2D-DFT/DFT basis, which can reduce feedback overhead and increase feedback precision.
Alternatives of codebook structures and basis
According to the agreements in last meeting, there are following alternatives for codebook structure.
· Alt1A. Per-TRP/TRP group (port-group or resource) SD/FD basis selection + relative co-phasing/amplitude (including WB and/or SB). Example formulation (N = number of TRPs or TRP groups): 

·  = co-amplitude and
·  = co-phase
· Including special case of  (no co-scaling) or 
· Alt1B. Per-TRP/TRP group (port-group or resource) joint SD-FD basis selection + relative co-phasing/amplitude (including WB and/or SB). Example formulation (N = number of TRPs or TRP groups): 

·  = co-amplitude and
·  = co-phase
· Including special case of  (no co-scaling) or 
· Alt2. Per-TRP/TRP group (port-group or resource) SD basis selection and joint (across N TRPs) FD basis selection. Example formulation (N = number of TRPs or TRP groups):

For Alt1A codebook structure, the spatial domain and the frequency domain compressions are performed separately for each TRP like the Rel-16 eTypeII. Both SD and FD basis are selected separately per-TRP/TRP group, and the relative information across TRPs can be explicitly represented by relative co-phasing/amplitude or implicitly included in combination coefficients  (setting ) as stated in Section 2.1.1.1. As for Alt2, frequency basis are common for all TRPs and the relative information across TRPs is included in combination coefficients  implicitly. Alt2 is actually equivalent to one special case of Alt1A, where all TRPs use common set of frequency basis vectors for the frequency domain compression. Considering the different propagation paths from different TRPs to the UE, it is more reasonable to select basis per TRP.
Compared to Alt1A/Alt2 codebooks based on separate SD/FD basis, the Alt1B codebook structure uses joint space-frequency domain basis per TRP to take full advantage of the sparsity in joint space-frequency domain. As discussed in Section 2.1.1.2, this joint SD-FD codebook structure has greater freedom in basis design and would provide a sparser representation of precoding matrix than the restricted SD-FD separate basis, which leads to a more precise feedback. 
Proposal 1: Support the Alt1B codebook structure (joint SD/FD basis) as

There are following alternatives for basis.
· Alt1 (separate, legacy DFT): SD basis and FD basis are separate, each fully reusing the legacy Rel-16 DFT-based design
· Alt2 (joint, DFT): joint SD-FD DFT-based basis
· FFS: Details on DFT parameters, e.g. length, oversampling (if any), rotation (if any)
· Alt3 (joint, eigenvector): joint SD-FD eigenvector-based basis 
· FFS: eigenvector codebook design, parametrization
· Alt4 (separate, eigenvector): SD basis and FD basis are separate, using eigenvector-based basis 
The Alt1 and Alt4 are separate SD/FD basis, while The Alt2 and Alt3 designs are joint SD-FD basis. For separate or joint SD/FD codebook structure, the eigenvector-based basis based on statistical channel subspace is much sparser than DFT basis, because it matches the UE-specific statistical subspace better. With a sparser eigenvector-based basis, fewer combination coefficients are needed to report. Thus the feedback overhead can be reduced with a better precision. Furthermore, with reference to the previous analysis of the codebook structure, Alt3 is better than Alt4 because joint SD-FD eigenvector-based basis have a sparser representation of channel angle-delay pairs than SD/FD basis.
Proposal 2: Support Alt3 for basis design (joint SD-FD, using eigenvector-based basis).
Evaluation on spatial and frequency domain basis
In this section, the performances of the CJT codebook with different basis are compared and analysed. System-level simulation results with rank adaptation are provided in Figure 2, corresponding to 32T4R per TRP for 50%/70% RU respectively. The inter-site CJT is used, with 3 TRPs cooperating in transmission. The baseline is the sing-TRP transmission with Rel-17 FeTypeII codebook. And the total overhead is the same for different basis, with the same per-TRP overhead as R17 FeTypeII codebook overhead. 
It can be observed that the CJT codebook with joint space-frequency domain statistical eigenvectors achieves better performance than DFT basis for both average and cell-edge UPT. 
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[bookmark: _Ref111237415]Figure 2. Performance gain of CJT with different basis over single-TRP transmission with Rel-17 PS codebook (32T4R, 50%/70% RU) 
Observation 3: The CJT codebook with joint space-frequency eigenvectors basis achieves 8~14% gain for mean UPT and 5~7% gain for 5%-tile UE UPT, compared with DFT basis.
Enhancement for Rel-17 FeTypeII codebook
For Rel-17 PS codebook, UE can measure the beamformed downlink channel matrix for each frequency unit based on the CSI-RS beamformed by angle and delay information. For multi-TRP CJT, the port selection for angle-delay pairs are performed independently for each TRP like the Rel-17 port selection codebook for single-TRP, because the angle-delay pairs vary among different TRPs. To support multi-TRP CJT, the sub-matrix of each TRP can be combined to feedback the CSI of multi-TRP. 
Then, the CJT codebook can be represented as the following formulation 

where  is the  joint feedback matrix in space-frequency form,  is the precoding submatrix corresponding to TRP n with dimension . For TRP n,  is a  diagonal matrix in which the elements is 0 or 1,  is a  matrix composed of frequency basis, and  is the space-frequency combination coefficients matrix with dimension .  denotes the number of antenna ports, and  represents the number of frequency units.  and  are respectively the number of selection ports for each polarization and the number of frequency basis vector corresponding to TRP n.  It is clear that the codebook structure of multi-TRP CJT based on Rel-16 FeTypeII codebook and Rel-17 FeTypeII codebook is similar, which means some implementations can largely be reused. 
In table 1, the major issues for Rel-17 based CJT codebook design are summarized. As show in the table, issues for , , and  are similar for Rel-16 and Rel-17 based CJT codebook and the design rules of Rel-16 based CJT codebook can be reused for Rel-17 based CJT codebook. Furthermore, issues such as TRP selection schemes and CMR configurations are common for Rel-16 and Rel-17 enhancement. Only the parameter combination for Rel-17 based CJT codebook is needed to be discussed separately since the parameter combinations for Rel-16 and Rel-17 may be different. 
Table 1．The major issues for CJT codebook based on Rel-17 FeTypeII codebook 
	Issues
	Enhancement for Rel-17 based enhancement

	Codebook structure
	Reuse Rel-16 based CJT codebook enhancement

	  and 
	Joint/separate SD-FD basis
	Not needed for Rel-17 based CJT codebook enhancement

	
	DFT basis / eigen-basis
	

	
	SD/FD basis indication
	Reuse Rel-16 based CJT codebook enhancement

	
	Non-zero coefficients selection
	Reuse Rel-16 based CJT codebook enhancement

	
	Strongest coefficient indicator(s)
	

	
	Coefficient quantization scheme
	

	Others
	Configuration of CSI-RS
	Reuse Rel-16 based CJT codebook enhancement

	
	TRP selection schemes
	

	
	Parameter combination
	Need discussion

	
	CBSR
	Not needed for Rel-17 based CJT codebook enhancement



Observation 4: CJT based on Rel-17 Type II codebook can reuse the design for Rel-16 Type II codebook for most issues, except the parameter combination. 
Proposal 3: Support Rel-17 FeTypeII based CJT codebook enhancement with codebook structure as

Configuration of CSI-RS resources
For CSI measurement of N TRP coherent joint transmission, there are two options for CSI-RS resources configuration. 
· Opt1: 1 NZP CSI-RS resource, max # ports = 32
· FFS: whether/how to associate TCI states and CSI-RS ports
· Opt2: K>1 NZP CSI-RS resources with the same number of ports (representing K TRPs)
· FFS: The maximum number of ports per resource, and the total number of ports across all resources 
Option 1 would change the current CSI-RS configuration framework, as one CSI-RS corresponds to multi-TRP, thus multiple TCI states. Meanwhile, option 2 can re-use the current CSI-RS framework with less spec efforts, that one CSI-RS corresponds to one TRP associated with one QCL configuration.
Option 2 can also have less CSI-RS resource overhead. For the example shown in Figure 3, UE2 can reuse the cell specific CSI-RS #1 and #3. However, for option 1, a specific CSI-RS resource #2 has to be configured, which increases CSI-RS resource overhead.
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[bookmark: _Ref111237478]Figure 3. CSI-RS resource configuration for CJT.
Proposal 4: For the CSI acquisition of CJT, support configuration of multiple CSI-RS resources, with each CSI-RS resource with up to 32 ports corresponding to one serving TRP.
TRP selection/determination
There are three alternatives for TRP selection/determination:
· Alt1. N is gNB-configured via higher-layer (RRC) signaling
· The N configured TRPs are gNB-configured via higher-layer (RRC) signaling
· Note: only one transmission hypothesis is reported
· Alt2. 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
· FFS: In addition to one transmission hypothesis, whether reporting multiple transmission hypotheses (with the same N value or possibly different N values) is supported
· Alt3. The UE reports CSI corresponding to K transmission hypotheses 
· The N configured TRPs are gNB-configured via higher-layer (RRC) signaling
· FFS: supported value(s) of K, and whether the K transmission hypotheses are gNB-configured or UE-reported
For Alt 3, UE has to measure different kinds of transmission hypotheses, which would significantly increase UE complexity. For Alt 2, UE selects the cooperating TRPs for CSI report. This would result in varying feedback overhead, which wastes the uplink resources for feedback. For Alt 1, the TRPs for measurement are configured by gNB. For TRPs not proper for cooperating, UE still can feedback zero coefficients, and feedback more coefficients for TRPs with good channel quality. In this way, the Alt 1 can cover the function of Alt 2, and can maintain the same feedback overhead.
Proposal 5: For TRP selection/determination, the N configured TRPs are gNB-configured via higher-layer (RRC) signaling.
Number of measured TRPs
One issue for CJT is the number of cooperating TRPs as below:
The work scope of Type-II codebook refinement for CJT mTRP includes the support of NTRP={1, 2, 3, 4} cooperating TRPs for CJT CSI report
· FFS: Signaling of NTRP, e.g. higher-layer (RRC) vs. dynamic 
· FFS: Determination of NTRP, e.g. NW-configured vs UE-selected  
· FFS: Whether to prioritize or only support NTRP={1, 2}
The performances of different numbers of measured TRPs are compared and analysed by evaluation. In the evaluation, joint coefficients selection for W2, and the receiver side information feedback of the CJT codebook design with joint space-frequency statistical eigenvectors are used. System-level simulation results for inter-site CJT with N ={2,3,4} cooperated TRPs are provided in Figure 4, corresponding to 32T4R for 50%/70% RU respectively. The baseline is the single-TRP transmission with Rel-17 FeTypeII codebook, assuming the same feedback overhead per TRP.
As shown in Figure 4, there is a significant performance improvement at both mean UPT and 5% UPT when the number of measured/cooperated TRPs increase from 2 to 3 and 4. Four TRPs CJT leads to 20% and 30~40% performance gain improvements for mean UPT and 5% UPT respectively, compared to two cooperating TRPs. 
Observation 5: There is a significant performance improvement at both mean UPT and 5% UPT when the number of measured/cooperated TRPs increases from 2 to 3/4.
Proposal 6: Support  N_TRP = {1,2,3,4}.
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[bookmark: _Ref111237504]Figure 4. Performance gain of CJT with different numbers of measured TRPs over single-TRP transmission with Rel-17 PS codebook (32T4R, 50%/70% RU)
Receiver side information feedback
When the UE reports per-TRP CSI, the channel is decomposed as below for a TRP, then vector v is fed back to gNB as the precoder assuming a receiving beam u.
 and 
However, in multi-TRP CJT scenario, the UE may have different assumptions of u for different TRPs. As a result, when UE receives the coherently transmitted signal, the signal may be canceled by each other when receiving by the UE because only one receiving beam is used by the UE.

For example, in multi-TRP CJT scenario, the signal received by the UE can be represented as

It is clear that if the received beam  used by the UE is decided according to the th TRP, i.e.,  , then the single received from other TRPs are weakened, which destroys the coherence of received signals.
To resolve this issue, the user side information such as u matrix assumed by the UE can be feedback to gNB to assist the derivation of the precoder for CJT. Another option is that UE can have a full rank feedback, where the feedback of each rank represents the channel for a receiving antenna. In this way, the full channel matrix can be fed back to gNB by the per-RX feedback.
The receiver side information feedback can also resolve the significant complexity of multiple transmission hypotheses. For example, suppose the channel of three TRPs are  and . For per-layer feedback, the CJT CSI will be the right eigenvector of combined channel . However, it should be noted that part of the eigenvector of the combined channel of multiple TRPs is not equal to the eigenvector of the channel of a single TRP, which means the eigenvector of   is not a truncation of the eigenvector of . Therefore the gNB cannot obtain a better CSI from the feedback joint CSI if the UE feedbacks the eigenvector of the combined channel, which may need multiple hypotheses. If the PMI is per RX antenna port, the gNB is easy to compute the eigenvector if only part of the measured TRPs are used for joint transmission by truncation of the feedback CSI of .
Moreover, such a feedback is also beneficial to have a precise estimation of SINR, which can improve the scheduling of MCS. This is because gNB can better estimate the interference in MU-MIMO in CJT, thus the accuracy of SINR estimation and MCS is increased. 
The performance of receiver side information feedback (using full rank feedback with each rank representing the channel for a receiving antenna) is evaluated. The separate SD and FD DFT basis are assumed. System-level simulation results for inter-site CJT with 3 cooperated TRPs are provided in Figure 5, corresponding to 32T4R for 50%/70% RU. In this simulation, the baseline is the sing-TRP transmission with Rel-17 FeTypeII codebook, assuming the same per-TRP feedback overhead.
As shown in Figure 5, there is a significant performance gain with receiver side information feedback for both mean UPT and 5% UPT. The receiver side information feedback can lead to about 12% performance gain for mean UPT and 13~22% performance gain for 5% UPT. 
Observation 6: The full channel feedback for CJT codebook can provide about 12% gain for mean UPT and 13~22% gain for mean UPT and 5% UPT respectively. 
Proposal 7: Support receiver side information feedback for CJT.
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[bookmark: _Ref111237540]Figure 5. Performance gain of CJT with receiver side information feedback (full rank feedback) over single-TRP transmission with Rel-17 PS codebook (32T4R, 50%/70% RU)
Joint coefficients selection for W2
In CJT scenario, the channel qualities and the number of useful spatial paths are different between the UE and different TRPs. So the number of non-zero coefficients in W2 for different TRPs is also different. Therefore, it is necessary to jointly select non-zero coefficients among all combination coefficients of multi-TRPs. Then all the non-zero coefficients for all cooperating TRPs can be normalized to the strongest coefficient, and the co-phasing and co-amplitude between TRP can be realized naturally.
Since the spatial sparsity and channel quality are different across all TRPs, the number of SD basis vectors or joint SD-FD basis vectors can be TRP-specific. The total number of SD basis vectors or joint SD-FD basis vectors for all TRPs are gNB-configured via higher-layer signaling, and UE can allocate different basis numbers to different TRPs based on measurement and reports the numbers of basis vectors as a part of CSI. The magnitude of combination coefficients is dependent on their corresponding basis vectors, so the joint allocation of the number of SD basis vectors or joint SD-FD basis vectors can lead to better non-zero coefficients selection, so as to achieve more precise CSI acquisition with limited total overhead.
We evaluated the performance of joint coefficients selection among multi-TRPs. In the evaluations, separate SD and FD DFT basis are assumed. The total number of combination coefficients reported by the UE is fixed, and we evaluated the following two options:
· Option 1 (TRP independent selection): The combination coefficient reported by the UE is equally allocated among multi-TRPs.
· Option 2 (TRP joint selection): The combination coefficient reported by the UE is jointly selected among multi-TRPs
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Figure 6. Performance between option 1 (TRP independent selection) and option 2 (TRP joint selection) of coefficient selection for W2 (32T4R, 50%/70% RU)
It can be observed that joint coefficient selection for W2 among TRPs can provide significant performance gain.
Observation 7:  Compared to TRP independent selection of coefficients for W2, joint selection among TRPs can provide about 5~7% and 3~6% performance gains for mean UPT and 5% UPT, respectively, when each TRP has 32 CSI-RS ports.
Based on the above analysis and simulation results, the following proposal is suggested:
Proposal 8: Support joint coefficients selection for W2 among cooperating TRPs.
Proposal 9: Support TRP-specific number of SD basis vectors or joint SD-FD basis and the total number of basis is configured by gNB.
Frequency domain granularity
In the multi-TRP CJT scenario, one UE is jointly served by a set of TRPs. And the signals transmitted by different TRPs travel through different propagation paths to the UE. Since the distances of the propagation paths from the serving TRPs to the UE are different, additional delay will be introduced for the channel of the farther TRPs. As a result, the delay spread is increased. For CSI measurement of multiple TRPs, such delay spread will lead to heavier frequency selectivity compared with the single-TRP channel. To resolve this issue, finer frequency domain granularity is preferred for the CJT CSI acquisition.
The performances of different frequency domain granularity are compared and analysed by evaluations. System-level simulation results for inter-site CJT with 3 cooperated TRPs are provided in Figure 7, corresponding to 32T4R for 50%/70% RU. In the evaluation, joint coefficients selection for W2, and the receiver side information feedback of the CJT codebook design with joint space-frequency statistical eigenvectors are used. The baseline is the single-TRP transmission with R17 FeTypeII codebook, with the same per-TRP feedback overhead.
As shown in Figure 7, there is a significant performance loss at both mean UPT and 5% UPT when the frequency domain granularity changes from 2RB to 4RB, especially at 5% UPT. For the per-TRP 32T4R, the larger frequency domain granularity leads to 10~13% and 28~40% performance gain loss at mean UPT and 5% UPT respectively. Besides, the performance loss caused by enlarging frequency domain granularity increases with the increase of RU.
Observation 8: There is a significant performance gain at both mean UPT and 5% UPT when the frequency domain granularity changes from 4RB to 2RB, especially at 5% UPT (more than 28%).
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[bookmark: _Ref111237691]Figure 7.  Performance gain of CJT with different frequency domain granularities over single-TRP transmission with Rel-17 PS codebook (32T4R, 50%/70% RU) 
The delay spread caused by differences of propagation delays among the cooperating TRPs would lead to a greater frequency selectivity, resulting in CJT PMI precision loss with large subband size. Another way to overcome this issue is to report the relative propagation delay difference  of different TRPs by UE. Base on the feedback of delay difference, there are two ways to reduce the impact of frequency selectivity.  One is that gNB pre-compensates the delay for UE. The other is that UE pre-compensates the delay difference of multi-TRP channel before PMI acquisition, so as to reduce the CJT PMI precision loss caused by great frequency selectivity. And then gNB restores the real CJT precoding matrix with actual delay spread based on the reported delay difference and CJT PMI.
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Figure 8. Illustration propagation delay difference and delay spread for CJT
Proposal 10: Support finer frequency domain granularity for CJT CSI feedback.
CSI enhancement for mobility
Prioritize refinement of Rel-16 vs Rel-17 Type-II
	Agreement
The work scope of Type-II codebook refinement for high/medium velocities includes refinement of the following codebooks, based on a common design framework:
· Rel-16 eType-II regular codebook
· Rel-17 FeType-II port selection (PS) codebook
FFS: Whether to prioritize/down-select from the two



As in the WID, refinement of both Rel-16/17 type-II codebook is included in the objective. As the Rel-17 FeType-II port selection codebook can achieve a better performance, the refinement of Rel-17 codebook for high/medium velocities should be supported.
Proposal 11: Rel-17 FeType-II port selection (PS) codebook enhancement for high/medium velocities should both be supported.
CSI prediction based on Doppler domain information
In mobile scenarios, the channel varied rapidly, and the CSI expiration significantly deteriorates the system performance while UE scheduling and precoding are based on the expired CSI. In order to solve the problems of the performance degradation due to CSI expiration, an effective technique is to perform channel prediction to compensate the channel variation. The channel prediction can be classified into gNB-based prediction and UE-based prediction, which are illustrated in Figure 9 and Figure 10, respectively.
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[bookmark: _Ref111238112]Figure 9. CSI prediction based on Doppler domain information at gNB side
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[bookmark: _Ref111238122]Figure 10. CSI prediction based on Doppler domain information at UE side
1.1.1 gNB side channel prediction
For gNB-based CSI prediction, after gNB sending continuous CSI-RS burst, Doppler domain information can be further extracted by the UE based on angle-delay domain information for multiple slots, and CSI based on space domain, frequency domain and Doppler domain bases could be reported to gNB. Then gNB can predict the subsequent channel or precoder based on the reported CSI with Doppler domain information
If CSI prediction is performed at gNB side, UE would feedback the recommended precoder V by SVD decomposition of the channel matrix: . However, for different CSI-RS instances at different slots, UE may have different assumption of U matrix. So there would error in tracking each paths or angle-delay pair. As a result, eigenvector feedback for multiple slots could introduce performance loss for gNB-based prediction. In addition, the quantization error in feedbacking the channel matrix also results in further error in channel prediction.
Observation 9: For gNB-based CSI prediction, gNB cannot track the Doppler shift of beams.
1.1.2 [bookmark: _Hlk110515198]UE side channel prediction
For UE-based CSI prediction, gNB also needs to send continuous CSI-RS for UE to extract Doppler domain information based on angle-delay domain information for multiple slots, then UE can predict the subsequent channel based on extracted Doppler domain information and finally UE performs PMI prediction and then send the predicted CSI to gNB by Doppler domain compression.
As there’s no quantization error for the channel measured by UE, it can have better accuracy in CSI prediction.
Based on above analysis, the following proposal is suggested:
Proposal 12: UE side channel prediction should be supported.

Codebook design
Codebook structures
	Agreement
The work scope of Type-II codebook refinement for high/medium velocities includes down selection from the following codebook structures (for discussion purposes):
· Alt1. Time-domain basis, 
· Alt1A: Time-domain basis commonly selected for all SD/FD bases, e.g.  
· Alt1B: Time-domain basis independently selected for different SD/FD bases 
· Alt2. Doppler-domain basis 
· Alt2A: Doppler-domain basis commonly selected for all SD/FD bases, e.g. 
· 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.
· 


In RAN1#109e, three alternatives have been agreed for the codebook structures design of Type-II codebook refinement for high/medium velocities. For Alt1 and Alt2, there’s no essential difference between the two alternatives.  in Alt1 and  in Alt2 can both be viewed as N selected basis by N4*N4 matrix (e.g. DFT matrix). For Alt3, it can save the feedback overhead with a single  and  report. However, the feedback overhead of Rel-16/17 eType-II codebook mainly comes from . The report of multiple  means that doppler domain compression is not exploited. As a rsult, the overhead of Alt3 is significantly higher than the overhead of Alt2.
Observation 10: Alt1 and Alt2 codebook structures are mathematically equivalent.
Observation 11: The overhead of Alt3 is significantly higher than the overhead of Alt2 as doppler domain compression is not used.
Proposal 13: Alt2 with doppler-domain basis should be supported for Type-II codebook refinement for high/medium velocities.
For down-selection of Doppler-domain basis between commonly selected (Alt2A) and independently selected (Alt2B), evaluations are performed based on UE side prediction. For Alt2A, 3 common Doppler domain basis are selected from 10 for all SD/FD basis. For Alt2B, 3 Doppler domain basis are selected from 10 Doppler domain basis independently for each SD/FD basis. It can be observed that Alt2B can only achieve less than1% performance gain compared Alt2A for both R17 FeTypeII codebook and Rel-16 eType-II codebook enhancement.
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Figure 13. Performance gain of common/independent doppler basis selection with R17 FeType II
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Figure 14. Performance gain of common/independent doppler basis selection with R16 eType II
Besides, there are higher indication overhead to independently select doppler basis for different SD/FD basis. For example, considering selecting 3 from 10 Doppler domain basis, it only takes  bits to indicate the commonly selected basis, but takes bits to indicate independently selected basis. Parameter  denotes the number of selected SD/FD basis. When the number of SD/FD basis is larger, the overhead of doppler basis indication is very large.
Based on the evaluation results and analysis, we have the following observations and proposal.
Observation 12: For R17 FeTypeII codebook enhancement, Alt2B can only achieve ~1% performance gain compared Alt2A.
Observation 13: For R16 eTypeII codebook enhancement, Alt2B can only achieve ~0.3% performance gain compared Alt2A.
Proposal 14:  Doppler-domain basis commonly selected for all SD/FD bases.
Doppler-/time-domain basis
	Agreement
The work scope of Type-II codebook refinement for high/medium velocities includes down selection from the following Doppler-/time-domain basis waveforms for codebook design: 
· Alt1. Orthogonal DFT (with or without rotation factor)
· Alt2. Oversampled DFT
· Alt3. Other waveforms, e.g. DCT, Slepian
· Alt4. Identity (i.e. no Doppler-/time-domain compression) 

	

	


For Doppler-/time-domain basis design of Type-II codebook refinement for high/medium velocities, four alternatives have been agreed in last meeting. For Alt4, Identity doppler basis with no Doppler-/time-domain compression will introduce large feedback overhead, so it’s not preferred. 
System level evaluations are performed for Alt1 and Alt2, with results shown in Figure 15 and Figure 16. Alt1A denotes the orthogonal DFT without rotation factor, Alt1B denotes the orthogonal DFT with rotation factor, and Alt2 denotes the oversampled DFT. 
For both R17 FeTypeII codebook and R16 eTypeII codebook, it can be observed that there’s no obvious difference between Alt 1A, Alt 1B and Alt 2. Therefore, orthogonal DFT without rotation factor is preferred as it need the lowered feedback overhead.
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[bookmark: _Ref111238195]Figure 15. Performance for UE-based CSI prediction of different basis waveforms with R17 FeType II
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[bookmark: _Ref111238204]Figure 16. Performance for UE-based CSI prediction of different basis waveforms with R16 eType II
Observation 14: For R17 FeType II and R16 eTypeII codebook enhancement, there’s no obvious difference between performance of Alt1A, Alt1B and Alt2.
Proposal 15: Orthogonal DFT without rotation factor is supported as the Doppler domain basis.
CSI enhancement for measurement and reporting
Configuration of CSI-RS occasion
To extract more accurate Doppler information, continuous CSI-RS may be needed for UE to measure channel information. In addition, considering the UE implementation complexity and the accuracy of the Doppler information, uniformly separated CSI-RS burst is preferred. In current spec, the aperiodic CSI-RS configuration cannot trigger a group of uniformly separated CSI-RS burst. Therefore, we propose to use multiple CSI-RS resources for CSI measurement and the CSI-RS resource set with multiple CSI-RS resource can be configured to perform a Doppler information measurement, which is a unified design for periodic CSI-RS, semi-periodic CSI-RS and aperiodic CSI-RS as shown in the Figure 17. 
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[bookmark: _Ref111238227]Figure 17. The uniformly separated CSI-RS burst of one CSI-RS resource set with multiple CSI-RS resource
Based on above analysis, the following proposal is suggested:
Proposal 16: Multiple CSI-RS resource in one CSI-RS resource set should be configured for CSI measurement for mobility.

The configuration for reporting window
In RAN1#109e, there are three alternatives to decide the boundary on the CSI reporting for the Type-II codebook refinement for high/medium velocities as follows:
	Agreement
On the CSI reporting and measurement for the Type-II codebook refinement for high/medium velocities, consider at least the following alternatives for potential down-selection:
· Alt1: nref (CSI reference resource slot) as boundary 
· Alt1.A:  l + WCSI –1 ≤ nref
· Alt1.B:  l ≥ nref
· Alt1.C: l < nref and l + WCSI –1 > nref 
· Alt2: n (report slot) as boundary
· Alt2.A: l + WCSI –1 ≤ n
· Alt2.B: l ≥ n
· Alt2.C: l < n and l + WCSI –1 > n
· Alt3: End slot of Wmeas (k + Wmeas –1) as boundary 
· Alt3.A: l + WCSI –1 ≤ k + Wmeas –1 with the following as a special case: l=k, WCSI = Wmeas
· Alt3.B: l ≥ k + Wmeas –1
· Alt3.C: l < k + Wmeas –1 and l + WCSI –1 > k + Wmeas –1 with the following as special cases:
· l=k, l + WCSI = n
· l=k, l + WCSI > n
FFS: whether nref represents the slot index of Rel-15 CSI reference resource or a newly defined CSI reference resource
FFS: whether/how the CSI measurement window and reporting window are configured



The definition of CSI measurement window may not be needed, so making Wmeas as boundary to reporting CSI is not appropriate. Besides, in current spec, the definition of CSI reference resource slot nref  is based on report slot n. Hence it is straightforward and reasonable to select report slot n as boundary.
Moreover, as UE side channel prediction has better performance than gNB-side channel prediction, we prefer Alt2.B that UE report the predicted CSI whose effective time is later than report slot. 
Based on above analysis, the following proposal is suggested:
Proposal 18:  For reporting window configuration, support Alt2.B where UE report the predicted CSI of slots later than the reporting slot.

TRS-based TDCP reporting enhancement
	Agreement
The work scope of TRS-based TDCP reporting includes down selection from the following TDCP parameters:
· Alt1. Doppler shift
· Alt2. Doppler spread
· Alt3. Cross-correlation in time 
· Alt4A. Relative Doppler shift of a number of peaks in CIR 
· Alt4B. Relative Doppler shifts of different TRSs
· Alt5: CSI-RS resource and/or CSI reporting setting configuration assistance
Agreement
The TRS-based TDCP reporting is down selected from the following alternatives:
· Alt1 (stand-alone): TDCP reporting comprises auxiliary feedback information to enable refinement of CSI reporting configuration, and/or codebook configuration parameters, and/or (to be confirmed in RAN1#110) gNB-side CSI prediction 
· Aperiodic reporting is supported
· FFS: Whether periodic, semi-persistent and/or event-triggered (UE-initiated) reporting are supported 
· Alt2 (non-stand-alone): TDCP reporting corresponds to a subset of the UCI parameters associated with a codebook/PMI for high/medium velocities, reported by the UE and measured via TRS 
· FFS: The associated codebook(s)/PMI(s)




For the TDCP parameters reporting, six alternatives have been agreed. The doppler spread (the max doppler shift) is enough for the use case of aiding the gNB to determine CSI reporting configuration, CSI-RS resource configuration parameters and precoding scheme. And for another use case of aiding gNB-side CSI prediction, the benefits need to be carefully considered due to limitation of 1 port with TRS.
For TRS-based TDCP reporting, whether or not to report TDCP with a codebook/PMI for high/medium velocities need to be discussed. Due to TRS being single-port in current spec, the spatial domain information can’t be obtained by TRS. Therefore, the obtained doppler information cannot correspond to different beams in CSI codebook. Thus, we failed to see the benefit for non-standalone TDCP reporting. In contrast, non-standalone reporting introduces negative impact for CSI RS configuration flexibility, gNB implementation complexity and unnecessary spec impact for CSI feedback. 
Based on above analysis, the following proposal is suggested:
Proposal 19: Doppler spread (the max doppler shift) is supported for the use case of aiding the gNB to determine CSI reporting configuration, CSI-RS resource configuration parameters and precoding scheme.
Proposal 20: Stand-alone TDCP reporting is supported.
Conclusions
This contribution provides our views on CSI enhancement for CJT and mobility. We have following observations and proposals.
For CSI enhancement for CJT:
Observation 1: The joint space-frequency domain basis can provide a sparser basis than independent spatial and frequency domain basis.
Observation 2: Statistical eigen-basis is sparser than 2D-DFT/DFT basis, which can reduce feedback overhead and increase feedback precision.
Observation 3: The CJT codebook with joint space-frequency eigenvectors basis achieves 8~14% gain for mean UPT and 5~7% gain for 5%-tile UE UPT, compared with DFT basis.
Observation 4: CJT based on Rel-17 Type II codebook can reuse the design for Rel-16 Type II codebook for most issues, except the parameter combination. 
Observation 5: There is a significant performance improvement at both mean UPT and 5% UPT when the number of measured/cooperated TRPs increases from 2 to 3/4.
Observation 6: The full channel feedback for CJT codebook can provide about 12% gain for mean UPT and 13~22% gain for mean UPT and 5% UPT respectively. 
Observation 7:  Compared to TRP independent selection of coefficients for W2, joint selection among TRPs can provide about 5~7% and 3~6% performance gains for mean UPT and 5% UPT, respectively, when each TRP has 32 CSI-RS ports.
Observation 8: There is a significant performance gain at both mean UPT and 5% UPT when the frequency domain granularity changes from 4RB to 2RB, especially at 5% UPT (more than 28%).

Proposal 1: Support the Alt1B codebook structure (joint SD/FD basis) as

Proposal 2: Support Alt3 for basis design (joint SD-FD, using eigenvector-based basis).
Proposal 3: Support Rel-17 FeTypeII based CJT codebook enhancement with codebook structure as

Proposal 4: For the CSI acquisition of CJT, support configuration of multiple CSI-RS resources, with each CSI-RS resource with up to 32 ports corresponding to one serving TRP.
Proposal 5: For TRP selection/determination, the N configured TRPs are gNB-configured via higher-layer (RRC) signaling.
 Proposal 6: Support  N_TRP = {1,2,3,4}.
Proposal 7: Support receiver side information feedback for CJT.
Proposal 8: Support joint coefficients selection for W2 among cooperating TRPs.
Proposal 9: Support TRP-specific number of SD basis vectors or joint SD-FD basis and the total number of basis is configured by gNB.
Proposal 10: Support finer frequency domain granularity for CJT CSI feedback.

For CSI enhancement for mobility:
Observation 9: For gNB-based CSI prediction, gNB cannot track the Doppler shift of beams.
Observation 10: Alt1 and Alt2 codebook structures are mathematically equivalent.
Observation 11: The overhead of Alt3 is significantly higher than the overhead of Alt2 as doppler domain compression is not used.
Observation 12: For R17 FeTypeII codebook enhancement, Alt2B can only achieve ~1% performance gain compared Alt2A.
Observation 13: For R16 eTypeII codebook enhancement, Alt2B can only achieve ~0.3% performance gain compared Alt2A.
Observation 14: For R17 FeType II and R16 eTypeII codebook enhancement, there’s no obvious difference between performance of Alt1A, Alt1B and Alt2.

Proposal 11: Rel-17 FeType-II port selection (PS) codebook enhancement for high/medium velocities should both be supported.
Proposal 12: UE side channel prediction should be supported.
Proposal 13: Alt2 with doppler-domain basis should be supported for Type-II codebook refinement for high/medium velocities.
Proposal 14:  Doppler-domain basis commonly selected for all SD/FD bases.
Proposal 15: Orthogonal DFT without rotation factor is supported as the Doppler domain basis.
Proposal 16: Multiple CSI-RS resource in one CSI-RS resource set should be configured for CSI measurement for mobility.
Proposal 18:  For reporting window configuration, support Alt2.B where UE report the predicted CSI of slots later than the reporting slot.

For TRS-based TDCP reporting enhancement:
Proposal 19: Doppler spread (the max doppler shift) is supported for the use case of aiding the gNB to determine CSI reporting configuration, CSI-RS resource configuration parameters and precoding scheme.
Proposal 20: Stand-alone TDCP reporting is supported.
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Appendix I Evaluation assumptions for coherent JT
A typical scenario of coherent joint transmission by multiple TRPs is illustrated in Figure 18. There is a coordination TRP set (TRPs inside the black solid line as an example in the figure), a CSI measurement TRP set (TRPs within the dashed red line), and a coherent joint transmission TRP set. There’s backhaul connection for TRPs within the coordination TRP set. And the CSI measurement TRP set and joint transmission TRP set can be selected in a UE-centric way. The CSI measurement TRP set is configured by RRC based on the RSRP difference with the serving cell, such that the TRPs with strongest RSRP are included in the CSI measurement set. And each UE needs to measure the CSI of TRPs within the CSI measurement TRP set and report the measurement to gNB. Then gNB can determine coherent joint transmission TRP set for each UE depending on scheduling and CSI. The transmission TRP set is usually the same with the measurement set.
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[bookmark: _Ref111238306]Figure 18. Illustration of typical scenario for CJT
Evaluation assumptions for system level simulation are listed in Table A-1.
Table A-1 SLS assumptions for CJT CSI enhancement
	Parameters
	Evaluation assumptions

	Layout
	Hexagonal grid, 3 sectors per site, 7 macro sites

	Scenario
	Dense Urban with 200m ISD, Outdoor2A

	Carrier frequency
	2.1GHz

	Subcarrier spacing
	15kHz

	Simulation Bandwidth
	10MHz

	Channel Model
	TR 38.901
 Difference in propagation delays between UE and N_TRP TRPs is taken into account in the composite Channel Impulse Response (CIR)  for CJT.

	BS antenna configuration
	32 ports: (M, N, P, Mg, Ng; Mp, Np) = (2,8,2,1,1,2,8), (dH,dV) = (0.5, 0.8)λ

	BS antenna height 	
	25m

	BS Tx power
	41 dBm for 10MHz

	UE antenna configuration
	4RX: (M, N, P, Mg, Ng) = (1,2,2,1,1) ;

	UE antenna height & gain
	Follow TR36.873

	Modulation
	Up to 256QAM

	Coordination TRP selection
	Each UE selects N strongest TRPs based on RSRP for CJT, N = 3, inter-site CJT.

	UE distribution
	80% indoor, 3km/h; 20% outdoor, 30km/h; 10 users per BS

	UE receiver
	MMSE-IRC

	MIMO mode
	MU-MIMO with rank adaptation

	Traffic model
	FTP model 1 with packet size 0.5Mbytes

	Traffic load
	50%/70% RU

	Baseline of evaluation
	Single-TRP transmission 
with Rel-17 FeType II CB



For single-TRP transmission and CJT with Rel-17 FeType II CB, the additional evaluation assumptions including duplexing gap between UL and DL, SRS modeling for UL channel estimation, and FDD DL/UL calibration error model are the same as that of the EVM assumptions in Section 4 of R1-2006973 for Rel-17 CSI enhancements.

Appendix II Evaluation assumptions for CSI mobility
Table A-2 SLS assumptions for CSI mobility enhancement
	Parameter
	Value

	Duplex, Waveform 
	FDD, OFDM 

	Multiple access 
	OFDMA 

	Scenario
	Urban Macro, UE speed with 60kmph, not use Spatial consistency procedure A/B

	Frequency Range
	FR1 only, 2.1GHz, with duplexing gap of 200MHz

	Inter-BS distance
	200m

	Channel model
	According to the TR 38.901 

	Antenna setup and port layouts at gNB
	32 ports: (M, N, P, Mg, Ng; Mp, Np) = (8,8,2,1,1,2,8), (dH,dV) = (0.5, 0.8)λ

	Antenna setup and port layouts at UE
	4RX: (M, N, P, Mg, Ng; Mp, Np) = (1,2,2,1,1,1,2), (dH,dV) = (0.5, 0.5)λ

	BS Tx power 
	41dBm

	BS antenna height 
	25m 

	UE antenna height & gain
	Follow TR36.873 

	UE receiver noise figure
	9dB

	Modulation 
	Up to 256QAM 

	Coding on PDSCH 
	LDPC
Max code-block size=8448bit 

	Numerology
	Slot/non-slot 
	14 OFDM symbol slot

	
	SCS 
	15kHz 

	Number of RBs	
	52 for 15 kHz SCS

	Simulation bandwidth 
	20 MHz (10 MHz DL + 10 MHz UL)

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

	MIMO scheme	
	MU-MIMO with rank with rank1

	CSI feedback 	
	10ms

	Traffic model	
	Full buffer

	UE distribution	
	100% outdoor

	UE receiver	
	MMSE-IRC

	Feedback assumption	
	Realistic

	Channel estimation	
	Realistic

	Baseline for performance evaluation	
	R17/R16 Type II with CSI feedback periodicity 10 ms


Appendix III Field test results of CSI enhancement for coherent JT
The field test results for CJT are provided in this section.
In the field test of CJT, three TRPs (both intra-/inter-site) with 8 TX ports cooperate for coherent joint transmission, which are shown as the yellow arrows in Figure 19, and the test terminal is equipped with 4RX. The network frequency in field test is 2.1GHz and the bandwidth is 5MHz. Single-TRP transmission with Rel-16 regular eTypeII codebook is used as the baseline. And for CJT, the codebook with both joint SD-FD eigenvector-based basis and receiver side information feedback is adopted, where the number of joint SD-FD basis is TRP-specific and the combination coefficients are joint selected across the TRP. The red points in Figure 19  are test UEs. The cooperating TRPs for each test UE is determined based on the RSRP difference with the serving cell.
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[bookmark: _Ref111238386]Figure 19. Illustration of SU fixed point field test
The performance gains of FDD CJT over single-TRP transmission for all the test UEs are summarized in Table A-3. Up to 30% gain for CJT is observed.
Table A-3 Field test results
	Position
	Serving TRP
	Cooperating TRP
	Thp Gain

	P1
	TRP1
	TRP2, TRP3
	38%

	P2
	TRP3
	TRP2
	32%

	P3
	TRP3
	TRP2
	41%

	P4
	TRP2
	TRP3
	39%

	P5
	TRP1
	TRP2, TRP3
	35%
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