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1	Introduction
In RAN#94-e two new objectives were agreed regarding CSI enhancements in Rel-18 NR [1], to address high/medium UE velocities and coherent joint transmission (CJT):
1. 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:
0. Rel-16/17 Type-II codebook refinement, without modification to the spatial and frequency domain basis
0. UE reporting of time-domain channel properties measured via CSI-RS for tracking
1. 
1. 
1. 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:
0. Rel-16/17 Type-II codebook refinement for CJT mTRP targeting FDD and its associated CSI reporting, taking into account throughput-overhead trade-off
0. SRS enhancement to manage inter-TRP cross-SRS interference targeting TDD CJT via SRS capacity enhancement and/or interference randomization, with the constraints that 1) without consuming additional resources for SRS; 2) reuse existing SRS comb structure; 3) without new SRS root sequences
0. Note: the maximum number of CSI-RS ports per resource remains the same as in Rel-17, i.e. 32
In this paper we discuss the evaluation methodology for the two enhancements and present our views on the schemes that should be studied.

[bookmark: _Ref54348033]2	CSI enhancement for high/medium UE velocities
The main reason for the study in Objective 1, as stated in [1], is to alleviate performance loss observed in commercial deployments for UEs at medium/high speed due to rapid aging of the reported CSI. Performance degradation occurs when the time between the CSI-RS measurement occasion used for CSI calculation and a PDSCH transmission using this CSI exceeds the time scale of the channel variation. In an order of magnitude sense, the interval over which the channel varies, i.e., the channel coherence time, , is inversely proportional to the channel Doppler spread, , which is the maximum Doppler shift experienced by the channel propagation paths. The -th multipath ray arriving at a moving antenna experiences a Doppler shift
	
	(1)


where  is the UE’s velocity,  the carrier wavelength and  the angle of arrival relative to the movement vector. The Doppler spread is then given by
	
	(2)


where  is the speed of light and  the carrier frequency. One can assume that significant channel variations occur above a time scale , hence a typical channel coherence time for medium to high speed ( to Km/h) at GHz is in a range between, approximately, 20ms to 5ms. For comparison, a typical channel coherence time for low speed (Km/h) is 180ms.
Observation 1. [bookmark: _Ref102124157]The main goal of the study in Objective 1 is to alleviate performance loss for UEs at medium/high speed due to rapid aging of the reported CSI.
Observation 2. [bookmark: _Ref102124192]In an order of magnitude sense, for UE velocities in the range between 30 to 100 Km/h and a carrier frequency at 2GHz, the channel coherence time is in a range between, approximately 20 and 5 ms.

We can identify two sources of delay contributing to the CSI aging problem: 1) CSI reporting latency, which is the time that passes between the CSI-RS measurement occasion used for a CSI calculation, and 2) CSI application time, which is the validity time of a CSI used for data/DMRS precoding.
Figure 1 illustrates the CSI aging problem for medium/high velocities. A UE measures the latest CSI-RS occasion before the reference resource and feeds back a CSI report, CSI 0. The gNB uses CSI 0 to schedule PDSCH transmissions until the next report, CSI 1, is received. If this time interval, comprising the reporting latency and the CSI application time, significantly exceeds the channel coherence time, performance degradation is observed.
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[bookmark: _Ref100743103]Figure 1. The CSI aging problem. For UEs at medium/high speed, degradation is caused by a CSI report becoming outdated

To reduce the maximum channel aging time, CSI reports may be scheduled more frequently, as illustrated in Figure 2. This solution reduces the CSI application time but does not reduce the reporting latency. In this simple approach, reporting of time- or Doppler-domain channel properties measured by the UE via TRS may help the gNB to adapt the periodicity of CSI reports and CSI-RS signals to a UE’s velocity. However, the main drawbacks are: 1) increased CSI-RS overhead and 2) increased feedback overhead. In the example, the CSI application time is halved compared to Figure 1, but both CSI-RS overhead and feedback overhead is doubled. The increase in RS overhead is due to the reduced period between CSI-RS transmission occasions if a UE is fast moving. Also note that, if the RS periodicity is adjusted per UE, based, for example on the reported Doppler spread, the use of UE-specific CSI-RS or some coordination between UEs sharing the same CSI-RS may be needed.
Observation 1. 
Observation 2. 
Observation 3. [bookmark: _Ref102124206]Scheduling more frequent CSI reports can reduce the CSI application time but not the reporting latency. The periodicity of CSI reports and CSI-RS can be adapted based on UE’s feedback of Doppler spread measured from TRS.
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[bookmark: _Ref100743742]Figure 2. Decreasing the period of CSI-RS and CSI reporting reduces the maximum CSI aging time by reducing the CSI application time. As a result, RS and feedback overheads are increased

To reduce the RS and feedback cost of more frequent CSI reports, Figure 3 shows a possible scheme exploiting channel prediction at the UE. The UE measures several past RS transmission occasions and predicts the channel at one or more future time steps. It then calculates one or more CSIs based on the predicted channel and reports these CSIs in the same report. In the example, the gNB can use CSI 0 to schedule PDSCH transmission in the first half of the time interval before the next CSI report and use CSI 1 in the second half. In this way, the CSI reporting latency is reduced to zero and the CSI application time is halved, hence the maximum CSI aging time is more than halved compared to Figure 1 and is lower than that of Figure 2. It is possible to reduce feedback overhead by introducing some refinements to Rel-16/17 Type-II codebooks. For example, it is reasonable to assume that the spatial domain (SD) basis vectors in  and frequency domain (FD) basis vectors in  are the same for CSI 0 and CSI 1, because the time scale of variation for angles and delays is much lower than for the fast-fading components in . Hence, PMI 1 may only contain information related to . Note that, similarly to the example in Figure 1, reporting information on the Doppler spread measured by a UE from TRS may help a gNB to adapt the CSI prediction intervals and CSI-RS period based on a UE’s velocity and channel coherence time.
Observation 4. [bookmark: _Ref102124219]Channel prediction at the UE can be exploited to reduce both the CSI reporting latency and the CSI application time. The UE measures several past RS transmission occasions and predicts the channel at one or more future time steps. It then calculates one or more CSIs based on the predicted channel and reports these CSIs in the same report. Feedback overhead can be reduced by assuming that all PMIs in a report share the same  and  codebook components. Additional reporting of Doppler spread measurements based on TRS may help a gNB adapt the CSI prediction interval and CSI-RS period to the channel coherence time.
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[bookmark: _Ref100744292]Figure 3. Scheme with channel prediction at the UE. UE predicts channel at future time steps from past CSI-RS measurements and reports one or more predicted CSIs in one report
Figure 4 shows another possible approach, which relies on the gNB being able to predict CSI at a future time step, based on several reported past CSIs. In the example, the gNB predicts CSI 1 from the reported CSI 0, -1, -2. In this way, the maximum CSI application time is halved compared to Figure 1 but the CSI reporting latency is actually increased for past CSIs. This scheme may be applicable, in principle, without specification impact, in which case the gNB needs to receive several CSI reports before CSI prediction can start. To further reduce the feedback overhead, a UE may report, say  CSIs in the same report, by applying compression in the time-Doppler domain.
CSI prediction schemes at the gNB based on time-Doppler domain compression of past CSIs present several drawbacks compared to schemes based on channel prediction at the UE.
1) Accuracy of predicted CSI at the gNB. Predicting CSI from past CSIs at the gNB is expected to be less accurate than predicting the channel based on past CSI-RS measurements and calculating the CSI on the predicted channel at the UE, because the reported CSI information is heavily quantised whereas CSI-RS measurements are not.
2) More CSI calculations and reported CSIs. A scheme with CSI prediction at the gNB is expected to require more CSI calculations by the UE, compared to a scheme with channel prediction at the UE. If, for example, a burst of  CSI-RS resources is configured before a CSI report, the scheme of Figure 4 requires a UE to calculate and report  CSIs, for the gNB to obtain/predict CSI 0 and 1, whereas the scheme in Figure 3 requires a UE to calculate and report two CSIs.
3) CQI mismatch. With CSI prediction at the UE, a UE can calculate a CQI based on the predicted channel on the CSI-RS ports and the corresponding PMI, whereas with CSI prediction at the gNB the full channel measurements are not available, hence any form of CQI prediction based on past CQIs is more likely to suffer from estimation errors.
4) Weak time correlation of the  coefficients compared to channel coefficients, which makes PMI compression in time-Doppler domain inefficient.
Observation 5. [bookmark: _Ref102124244]Precoder prediction at the gNB based on reporting of past CSIs can be used to reduce the CSI application time, but not the reporting latency, which is increased for older CSIs. Additional reporting of Doppler spread measurements based on TRS may help a gNB adapt the CSI prediction interval and CSI-RS period to the channel coherence time.
Observation 6. [bookmark: _Ref102124311]Channel prediction at the UE has some advantages over precoder prediction at the gNB, including
· PMI based on channel prediction at the UE is more accurate than precoder prediction at the gNB, because of the coarsely quantised nature of the reported PMIs
· Fewer PMI calculations at the UE, which implies lower UE complexity and less CSI-RS and feedback overhead
· More accurate CQI calculation based on the predicted channel and corresponding PMI
· Stronger time correlation of the channel coefficients compared to the coefficients of 
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[bookmark: _Ref100751510]Figure 4. Scheme with precoder prediction at the gNB. gNB predicts CSIs at future time steps from past CSIs, which may be reported in one or more reports

Proposal 1. [bookmark: _Ref102120069]Study the following CSI reporting enhancement schemes for medium/high speed UEs, based on:
· Reporting of Doppler spread measured by a UE via TRS. The gNB uses the reported Doppler spread to adapt the CSI reporting period and CSI-RS period to a UE’s velocity. 
· Channel prediction at the UE. A UE predicts the channel at one or more future time slots from past CSI-RS measurements and reports one or more predicted PMIs in the same report. The study should include
· Whether CSI-RS only or a combination of CSI-RS and TRS can be used for prediction
· Assumption that PMIs in a report share the same  and  
· CQI reporting based on multiple reported PMIs
· Precoder prediction at the gNB. A UE reports multiple PMIs calculated from past CSI-RS measurements in one report. The study should include
· CSI-RS configuration in time
· Assumption that PMIs in a report share the same  and .  Compression of  in time by using orthogonal basis vectors
· CQI reporting based on multiple reported PMIs
Regarding the second approach described in Objective 1, i.e., solutions based on UE reporting of time-domain channel properties measured from TRS, the main use case seems to be for a gNB to adapt the periodicity of CSI reporting or CSI prediction times and the periodicity of CSI-RS to the channel coherence time, based on reporting of Doppler spread measurements. Because TRS signals are transmitted on a single port it is expected that this time-domain information measured on TRS is not suitable to predict the evolution of the precoder coefficients in  for Type-I or Type-II reporting. This is because the time-correlation properties of  differ significantly from those of the channel measurements, as we will see in Section 2.2. Therefore, another use case for this approach is in TDD operations when full UL/DL channel reciprocity can be assumed. In this case, the gNB estimates the DL channel from SRS and may use additional time-correlation or Doppler spread measurements reported by a UE to predict the channel evolution in time and calculate precoding weights for the PDSCH/DMRS based on the predicted channel.
Observation 1. [bookmark: _Ref102120140]
Observation 2. 
Observation 3. 
Observation 4. 
Observation 5. 
Observation 6. 
Observation 7. [bookmark: _Ref102124371][bookmark: _Ref102124513]For TDD operations assuming full UL/DL channel reciprocity, reporting of time autocorrelation of the channel or Doppler spectrum measured from TRS, can be used for DL channel prediction at the gNB, based on UL channel SRS estimation and TRS time-correlation/Doppler information reported by the UE
In the following, we look in more details at the proposed schemes to study.
2.1	Type-II CSI refinement based on channel prediction at the UE
In this scheme, illustrated in Figure 3, for CSI reporting in high/medium velocities, a UE is configured to calculate one or more CSIs, including PMI, RI and CQI associated to one or more time slots after the latest CSI-RS measurement occasion. In practice, a UE may be configured with slot offsets , , such that, say  the slot of the latest CSI-RS measurement occasion before the reference resource, two CSIs are calculated on predicted channels at time slots  and .
To allow a UE to predict the channel, tracking reference signal (TRS) may be configured alongside a CSI-RS resource, as illustrated in Figure 5. Alternatively, a UE may measure several CSI-RS transmission occasions, which can be either associated to past CSI reports or configured in a CSI-RS burst with the same CSI-RS resource repeated over several slots, as shown in Figure 6. In the two figures,  denotes the time slot of the latest CSI-RS transmission occasion before the reference resource of the CSI report at slot . In case multiple CSI-RS transmission occasions are measured,  denote the time slots of the CSI-RS transmission occasions from the most recent to the least recent.
Proposal 2. [bookmark: _Ref102120369]For the study of CSI reporting enhancement schemes for medium/high speed UEs based on channel prediction at the UE, consider a case where a UE is configured to report 2 Rel-16 Type-II PMIs in the same CSI report corresponding to future time slots  and , where  is the slot in which the CSI report is received, and  where  is the CSI reporting period.
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[bookmark: _Ref100834916]Figure 5. Channel prediction at the UE based on CSI-RS and TRS measurements

[image: ]
[bookmark: _Ref100834932]Figure 6. Channel prediction at the UE based on CSI-RS measurements

TRS or CSI-RS may be used to measure the time auto-correlation of the channel, which can then be used to predict the channel at future time sample, by using standard predictors such as a linear MMSE predictor, iterative predictors, such as a recursive least square (RLS) predictor and its fast implementations, the fast Kalman filter (D. Falconer and L. Ljung, “Application of fast Kalman estimation to adaptive equalisation,” IEEE Trans. on Comm. 1978) and the fast transversal filter (J. Cioffi and T. Kailath, “Fast recursive-least-square transversal filter for adaptive filtering,” IEEE Trans. on Acoustics, Speech and Signal Processing, 1984). Because the channel prediction operation is up to a UE implementation, other advanced predictors can be used in a transparent manner. 
Although TRS are single-port resources, it may be possible for a UE to operate a predictor on all the CSI-RS ports, because the autocorrelation in time of the signals measured on different ports of a CSI-RS resource typically shows similar characteristics.
Proposal 3. [bookmark: _Ref102121188]For the study of CSI reporting enhancement schemes for medium/high speed UEs based on channel prediction at the UE, consider two alternatives for channel measurement:
· Single CSI-RS occasion and TRS
· Multiple CSI-RS occasions
Regarding the reporting quantities, a UE may be configured to report a single CSI, including one PMI, one RI and one CQI, associated with the predicted channel at slot . A UE may also be configured to report 2 PMIs, associated with time slots  and . In this case, by taking Rel-16 Type-II as example, the spatial domain basis vectors () and frequency domain basis vectors () can be assumed the same for both CSIs, as angles and delays tend to vary in time more slowly than the fast-fading components of .
Hence, the following codebook structure can be assumed for the precoder matrix at time slot 
	, for 
	(3)


where  and  are the matrices of nonzero coefficients at time slot  and , respectively.
Proposal 4. [bookmark: _Ref102121262][bookmark: _Ref102121335]For the study of CSI reporting enhancement schemes for medium/high speed UEs based on channel prediction at the UE, consider a codebook refinement whereby two PMIs are reported in the same CSI report corresponding to precoders: , for 
In case two PMIs are reported, a UE may be configured to report a single RI because the number of layers for DL data and DMRS transmission is typically maintained throughout the PDSCH transmission. A single CQI associated to the two PMIs may also be reported because the modulation and coding scheme (MCS) is also typically maintained throughout a PDSCH transmission. To calculate this single CQI value associated to two PMIs, a UE may assume that the PDSCH transmission occupies a time interval from slot  to slot , where  is the number of slots between the two CSIs. For the first half time interval the signal is precoded by  and is mapped to channel on CSI-RS ports predicted at time . For the second half of the time interval, the PDSCH signal is precoded by  and mapped to the predicted channel on CSI-RS ports at time . In practice, the PDSCH signals on ports in the set [1000,…, 1000+-1] for  layers would result in signals equivalent to corresponding symbols transmitted on antenna ports [3000,…, 3000+-1], as given by
	, for 
	(4)


where is a vector of PDSCH symbols mapped to the  layers in slot ,  is a vector of received symbols in slot  and , with , contains the precoders obtained from the PMI at time  and , respectively.
Proposal 5. [bookmark: _Ref102121354]For the study of CSI reporting enhancement schemes for medium/high speed UEs based on channel prediction at the UE, consider reporting a single CQI associated to the two PMIs at slot  and , calculated by assuming that the PDSCH transmission lasts  slots and that the PDSCH signal is precoded by  for the first  slots and by  for the second  slots.
One advantage of reporting two PMIs is the possibility for the gNB to interpolate the precoding vectors in time over multiple slots. Interpolation is typically more accurate than extrapolation or prediction because an initial and final precoder are provided and the estimation is limited to the intermediate samples.
Observation 1. 
Observation 2. 
Observation 3. 
Observation 4. 
Observation 5. 
Observation 6. 
Observation 7. 
Observation 8. [bookmark: _Ref102124536]One advantage of UE-based channel prediction and reporting of two or more PMIs is the possibility for the gNB to interpolate the precoding vectors in time over multiple slots, as interpolation is typically more accurate than extrapolation.

[bookmark: _Ref101288260]2.2	Type-II CSI refinement based on precoder prediction at the gNB
For schemes relying on precoder prediction at the gNB, enough PMIs need to be reported by a UE. As observed previously precoder prediction at the gNB presents significant drawbacks compared to channel prediction at the UE, because of
1. the coarsely quantised nature of the reported PMIs, which makes precoder prediction at the gNB less accurate than channel prediction at the UE 
2. the larger number of PMI calculations required at the UE, which implies large UE complexity, CSI-RS and feedback overhead
3. the CQI mismatch problem when channel prediction is not available
4. weak time correlation of the  coefficients compared to channel coefficients, which makes PMI compression in time-Doppler domain inefficient.
 
However, it is worth considering this approach in the initial study and assess whether any potential gains can make up for these drawbacks. In the scheme of Figure 4, a UE may be configured to measure a burst of, say  CSI-RS transmission occasions, calculate  corresponding Rel-16 Type-II PMIs and report  PMIs in compressed form. When compressing Type-II PMIs in time it is natural to extend the compression operations already defined in Rel-16 Type-II codebooks to a third “dual domain” pair, the time-Doppler domain, besides the antenna-angle and frequency-delay domains.
Conceptually, the extension is straightforward. For Rel-16/17 Type-II CBs, the precoding matrix, per layer, and across all subbands configured for reporting, follows the codebook structure:
	
	(5)


where  is a matrix of wideband DFT beams or port selection matrix, of size  or  and is formed by the same  orthogonal beams or ports for each of the two polarizations, selected from a set of oversampled 2D DFT beams or from  ports, where  and  are the number of antenna ports in horizontal and vertical dimensions of the transmit rectangular array and  is the number of CSI-RS ports in the port selection CB.  is a matrix of FD basis components of size , where  is the number of PMI subbands and it is formed by  orthogonal vectors selected from a DFT codebook. is a matrix containing combination coefficients for each pair of SD and FD basis components.
Let us consider a UE calculating  PMIs, corresponding to CSI-RS measurement occasions at times , where  and  is the time slot of the most recent measurement. We can assume that  and  are common between the  PMIs, because angles and delays vary much more slowly compared to the fast-fading components of . Hence the precoding matrices, per layer are given by
	



	(6)


These  precoder matrices can be expressed in compact form as follows, where  is the  identity matrix
	
	(7)


Let us introduce the Doppler-domain (DD) compression matrix  of size  formed by  orthogonal basis vectors and whose element in row  and column  is . By applying  to the  time-domain coefficients for each of the  pairs of SD-FD basis vectors, we obtain the following modified codebook structure with DD compression
	
	(8)


where , with  represents the  matrix of DD-transformed coefficients associated to the -th DD basis vector.
Therefore, the precoder matrix  at time , after DD compression, can be expressed as
	
	(9)


Proposal 6. [bookmark: _Ref102121432]For the study of CSI reporting enhancement schemes for medium/high speed UEs based on precoder prediction at the gNB, consider a  compression scheme whereby  PMIs are reported in the same CSI report corresponding to precoders
, for 
where  are the time slots of the latest  CSI-RS measurement occasions, and where  are the elements of an  compression matrix , with .  
Note that, in general, a compression operation is effective when the signals being compressed are highly correlated. However, when channel eigenvectors are calculated separately at different time slots, a phase uncertainty means that the combinations coefficients in the  matrices  may be uncorrelated. A similar issue arises with FD compression, where phase adjustments of the  coefficients across subbands are needed before FD compression.
In Figure 7 and Figure 8 we compare the amplitude of the time autocorrelation of the  coefficients for Rel-16 Type-II PMI (Figure 7) and of the CSI-RS measurements in medium UE velocity of 30Km/h. We simulated a typical system configuration with UMa channel at 2GHz, 10 MHz BWP and with  subbands, 4 PRBs per subband, 32 CSI-RS ports and 4 rx antennas. The codebook parameters are  and . In Figure 7, we plot the time autocorrelation amplitudes of , for each of the  beams separately for the two polarisations in two columns. Each row corresponds to an FD basis vector. In Figure 8, we plot the time autocorrelation amplitudes of the CSI-RS measurements, for each of the 16 ports per polarisation in separate columns. The rows correspond to subbands 1, 5, 9 and 13, respectively.
We observe significant time correlation for  only for the first 1 or 2 beams per polarisation and for the first 1 or 2 FD basis vector, whereas all other elements of  show little correlation in time.
	[image: ]
[bookmark: _Ref100933744]Figure 7.  time autocorrelation amplitude for layer  for Rel-16 Type-II PMI. UE velocity is 30Km/h and CSI-RS periodicity is 5ms.  Rows correspond to the  FD basis vectors. Each figure shows the  beams per polarisation.  CSI-RS ports. , . 
	[image: ]
[bookmark: _Ref100933745]Figure 8. Channel time autocorrelation amplitude measured from CSI-RS from one of 4 rx antennas. UE velocity is 30Km/h and CSI-RS periodicity is 5ms.  Rows correspond to subbands 1, 5, 9, 13. Each figure shows the  ports per polarisation.  CSI-RS ports. , . 
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[bookmark: _Ref101283824]Figure 9.  time autocorrelation amplitude for layer  for Rel-16 Type-II PMI. UE velocity is 100Km/h and CSI-RS periodicity is 5ms.  Rows correspond to the  FD basis vectors. Each figure shows the  beams per polarisation.  CSI-RS ports. , . 
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[bookmark: _Ref101283826]Figure 10. Channel time autocorrelation amplitude measured from CSI-RS from one of 4 rx antennas. UE velocity is 100Km/h and CSI-RS periodicity is 5ms.  Rows correspond to subbands 1, 5, 9, 13. Each figure shows the  ports per polarisation.  CSI-RS ports. , . 



In Figure 9 and Figure 10 we compare the amplitude of the time correlation of  and CSI-RS port measurements on subbands, respectively, at high UE velocity of 100Km/h. We observe that only 1 beam per polarisation at FD component 0 shows some meaningful correlation, whereas all other combination coefficients are virtually uncorrelated after just 5ms. Conversely, measurements taken on CSI-RS ports are significantly more correlated and their correlation functions are similar.
We note that for the coefficients of , the first beam is the one with high level of correlation. This is because the first beam is used as reference for phase adjustments of eigenvectors across subbands, before FD compression. Hence, the phase of the first beam is constant in time.
Observation 7. 
Observation 8. 
Observation 9. [bookmark: _Ref102124573]We observe that at medium/high velocity, the coefficients of  are significantly less correlated in time than the CSI-RS channel measurements, which suggests that effective compression of PMI in time/Doppler domain is hard to achieve.
Observation 10. [bookmark: _Ref102124604]The low time correlation of  seems related to the fact that eigenvectors are calculated with a phase uncertainty, and they are calculated independently for each CSI-RS measurement occasion, hence a random phase factor tend to decorrelate the time sequence of .

2.3	Reporting of TRS-based time-correlation/Doppler information for TDD
Regarding the second approach described in Objective 1, i.e., solutions based on UE reporting of time-domain channel properties measured from TRS, we think the main use cases are:
1. in FDD, UE’s reporting of Doppler spread measurements allows a gNB to adapt the periodicity of CSI reporting or CSI prediction times and the periodicity of CSI-RS to the channel coherence time
2. in TDD, when full UL/DL channel reciprocity can be assumed, the gNB estimates the DL channel from SRS and may use additional time-correlation or Doppler spectrum measurements reported by a UE to predict the channel evolution in time and calculate precoding weights for the PDSCH/DMRS based on the predicted channel. 
TRS are a special type of CSI-RS intended for tracking CFO (carrier frequency offset between gNB and UE carrier frequencies) and TFO (timing frequency offset, i.e., clock period offset used for sampling at gNB and UE) and for Doppler related measurements. Both CFO and TFO are caused by differences in the oscillator frequency between gNB and UE, whereas Doppler spread is caused primarily by UE’s mobility. A TRS resource set contains either 2 or 4 periodic CSI-RS resources with periodicity  slots where = 10, 20, 40, or 80 and where  is related to the subcarrier spacing (SCS), i.e., 𝜇 = 0, 1, 2, 3, 4 for 15, 30, 60, 120, 240 kHz, respectively. The slot offsets for the 2 or 4 CSI-RS resources are configured such that the first pair of resources is transmitted in one slot, and the 2nd pair (if configured) is transmitted in the following slot. All four resources are single port with density 3. Therefore, the main limitations of TRS when used for time-domain channel tracking are the single-port restriction per resource and the minimum periodicity of 10ms.
Observation 1. 
Observation 2. 
Observation 3. 
Observation 4. 
Observation 5. 
Observation 6. 
Observation 7. 
Observation 8. 
Observation 9. 
Observation 10. 
Observation 11. [bookmark: _Ref102124672]The main limitations of TRS when used for time-domain channel tracking are the single-port restriction per resource and the minimum periodicity of 10ms.
In this study, a UE may be configured to measure and report time correlation or Doppler coefficients from one or more TRS occasions. Figure 11 shows the resource element locations occupied by a TRS occasion configured with 4 resources over two consecutive slots. A UE may be configured to calculate the normalised time correlation of the TRS signal. Figure 12 illustrates how a TRS measurement occasion allows to calculate the time correlation at lags: . The network may configure a minimum time unit, , such that all the correlation lag values are a multiple of . In the example, , where  is a symbol time duration and the lag values are indexed by their normalised duration, such that , , etc. Note that, in this notation, . 
Figure 12 illustrates an example of time correlation measured from the TRS resources of Figure 11. A UE may calculate such normalised time correlation at lag  as follows
	
	(10)


where  is the TRS measurement at time . Figure 12 also shows the relationship between time correlation and Doppler spectrum obtained by applying the Doppler-domain basis components defined by a Doppler codebook. Note that the maximum lag of the time correlation normalised by the time unit  provides the length, , of the Doppler-domain basis components, i.e.,
	
	(11)


In practice, the value of  can be configured by the size of the Doppler-domain basis vectors, and the time unit  can be configured as a multiple of a symbol duration, .
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[bookmark: _Ref101290708]Figure 11. Example of TRS set configuration with 4 resources showing the time-correlation lags that can be measured, besides -lag. , with time sample , and  is a symbol duration.
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[bookmark: _Ref101290902]Figure 12. Example of time-autocorrelation function calculated from TRS and corresponding Doppler spectrum. 



Proposal 1. 
Proposal 2. 
Proposal 3. 
Proposal 4. 
Proposal 5. 
Proposal 6. 
Proposal 7. [bookmark: _Ref102121539]For the study of UE’s reporting of time/Doppler information based on TRS measurements, consider the following use cases:
1. in FDD, UE’s reporting of Doppler spread allows a gNB to adapt the periodicity of CSI reporting or CSI prediction times and the periodicity of CSI-RS to the channel coherence time
2. in TDD, when full UL/DL channel reciprocity can be assumed, the gNB may use time-correlation or Doppler spectrum reported by a UE to predict the evolution in time of the channel measured from SRS and calculate precoding weights for the PDSCH/DMRS based on the predicted channel.
2.4	Evaluation methodology
In our view, the study of CSI enhancement for medium/high velocities should prioritise Rel-16 Type-II regular codebook, because it is in the process of being deployed by several network and UE vendors and, as such, it is the one that already experiences the practical limitations in medium/high speed and can benefit the most from this enhancement.
Appropriate system level simulation assumptions for Rel-16 eType-II were agreed in RAN1#94-bis and can be adopted for Rel-18 enhancement. For reference, the table with the SLS parameters is found in Appendix A. Some modifications/additions are needed to support the medium/high mobility scenarios under study and generally in line with the scenarios described in Table A.2.1-1 of 38.802.
Proposal 8. [bookmark: _Ref102121650]For system level performance evaluation of CSI enhancement schemes for medium/high speed UEs, adopt the SLS assumptions from Rel-16 eType-II with the following modifications
	Frequency Range
	FR1 only, 2 GHz.

	Scenario
	Dense Urban (macro only)
	Rural Macro (RMa)

	Inter-site distance
	200 m
	1.7 Km

	UE distribution
	100% outdoor (30Km/h)
	  100% outdoor (100Km/h)

	Mobility model
	Spatial consistency model - Procedure A from 38.901, Sec. 7.6.3.2

	Evaluation Metric
	Throughput adjusted by CSI-RS overhead versus CSI feedback overhead

	Baseline for performance evaluation
	Rel-16 Type II Codebook with 5ms CSI feedback periodicity and 4ms scheduling delay



3	CSI enhancement for coherent joint transmission
Objective 4 of the MIMO WID for Rel-18 targets a possible extension of Type-II CSI reporting to coherent joint transmission (CJT) from up to 4 distributed remote radio heads (RRH) or TRPs, in FDD operation in FR1.
Rel-16/17 Type-II PMI codebooks assume all transmit antenna ports are co-located in one panel and in one location. These codebooks provide a more accurate PMI that allows to achieve higher throughput especially in DL multi-user MIMO. Therefore, supporting Type II codebooks in multi-TRP transmission can boost cell throughput performance in cells with large number of users and distributed RRH or multi-TRP deployments with ideal backhaul.
Rel-17 has introduced support for multi-TRP CSI reporting for the first time, with Type-I single panel (SP) for non-coherent joint transmission (NCJT) from two TRPs. CJT differs from NCJT in that it assumes phase synchronization between TRPs, such that a MIMO layer can be mapped to transmit antennas of multiple TRPs, whereas in NCJT, a MIMO layer can only be transmitted from a single TRP. Note that NCJT CSI reporting in Rel-17 assumes full overlap of MIMO layers in time and frequency resources, i.e., it assumes perfect time synchronization between TRPs, which is also assumed for CJT transmission. Another significant difference between NCJT CSI reporting with Type-I SP and a possible extension of Type-II to CJT is that Type-I for single-TRP supports multiple measurement hypotheses, i.e., multiple CSI-RS resources for channel measurement (CMRs) in the resource set linked to the CSI Reporting Setting, with CRI indication. Conversely, Type-II for single-TRP does not support multiple measurement hypotheses and CRI, hence only a single CMR can be configured for single-TRP CSI reporting.
Observation 12. [bookmark: _Ref102124694]CJT differs from NCJT in that it assumes phase synchronization between TRPs, such that a MIMO layer can be mapped to transmit antennas of multiple TRPs. Both CJT and NCJT assume full overlap of MIMO layers in time and frequency resources.
Let us consider a downlink single-DCI multi-TRP system formed by  TRPs connected via perfect backhaul link and transmitting coherently (CJT) to one or more co-scheduled UEs. We assume that all RRH/TRPs have the same array geometry, , with  antenna ports in azimuth and  in elevation, for each of the two polarisations, and  antenna ports in total per TRP. Figure 13 shows an example of a single-DCI multi-TRP setup with four RRH/TRPs where each TRP is equipped with a  dual-polarised array. The total number of transmit antenna ports across the four TRPs is 32. 
[image: ]
[bookmark: _Ref101350812]Figure 13. Example of single-DCI multi-TRP configuration with ideal backhaul with 4 RRH/TRPs. The total number of tx antenna ports is 32.
The gNB hosting the central scheduler configures a UE with a Type II CSI report for a CJT transmission. In the following we describe the proposed changes to the CSI-RS resource setting and CSI calculation for a UE to be able to report a Type II CSI for a CJT transmission hypothesis. Regarding the codebook structure, extending Type-II to multi-TRPs requires a study of which codebook components, , , , can be calculated and reported jointly between TRPs and which can be calculated and reported separately.
Proposal 7. 
Proposal 8. 
Proposal 9. [bookmark: _Ref102121801]For the study of Type-II support for CJT in FDD FR1, prioritise enhancement for Rel-16 Type-II regular CB and consider the following aspects
· Modifications needed to the CSI Reporting Setting
· Joint or separate determination of codebook components  for different TRPs

3.1	CSI Resource Setting
In Rel-17 multi-TRP CSI, a UE is configured to receive  CSI-RS resources divided in two Resource Groups, with  CMRs transmitted from a TRP in Group 1 and  CMRs transmitted from a TRP in Group 2 and . The CSI-ReportConfig also configures  or  Resource Pairs with the first and second CMR in a pair associated to Group 1 and 2, respectively. The Resource Pairs configure NCJT measurement hypotheses, whereby a UE assumes that, for PDSCH transmission with  layers,  layers are transmitted on the  ports of TRP 1 and  layers are transmitted on the  ports of TRP 2 and the two sets of layers overlap fully in time and frequency.
Observation 13. [bookmark: _Ref102124745]Rel-17 introduced MTRP CSI reporting configured with 1 or 2 Resource Pairs and with a Resource Set configured with up to  CMRs divided in two Resource Groups.
In a legacy Rel-16/17 Type II CSI report applicable to a single TRP, a CSI-RS Resource Set for channel measurement can only have a single resource with up to 32 ports, hence there is a natural mapping between the TRP ports and the precoder weights represented by the PMI. However, in case of CJT a layer is obtained by a combination of  SD beams associated to one or more of the  TRPs. Hence a UE needs to know how the TRP ports of each TRP map to the elements of a spatial beam. In general, a solution consists in associating the elements of the codebook vectors to a Port Group in the Resource Set. Hence a Resource Set for CJT Type II CSI reporting with  TRPs needs to contain  Port Groups of size , defined in one of two possible ways
1. A Port Group may be defined explicitly as a subset of ports in a single CSI-RS resource having  ports in total. In this case, a TCI state may need to be defined per Port Group with the QCL-type and QCL-source for each TRP/Port Group. Note that in legacy resource setting, a TCI state is defined per CSI-RS resource rather than per port. This solution has the limitation that, by restricting the maximum number of ports per resource to 32, each TRP can only have up to  ports.
2. A Port Group may be defined as the ports of a CSI-RS resource in a set with up to four CSI-RS resources. In this case a Resource Set needs to be configured with  resources each with  ports such that the signal receive on each resource is transmitted from a different TRP. In this case a single CJT CSI calculation spans across all resources in the set, i.e., this Resource Set configuration with multiple resources does not support CRI (CSI-RS resource indicator) reporting because all resources are used in one CSI calculation. This solution allows support of more than 32 ports in total across the TRPs. 
Observation 14. [bookmark: _Ref102124787]For CJT Type-II CSI reporting, it is possible to configure a Resource Set with a single CMR divided in  Port Groups. This limits the maximum number of ports per TRP to  and may need the association of  TCI states to the same CMR.
Observation 15. [bookmark: _Ref102124800]For CJT Type-II CSI reporting, it is possible to configure a Resource Set with a  CMRs, . In this case, CSI calculation spans multiple CMRs, and CRI is not needed.
Proposal 10. [bookmark: _Ref102121902]For CJT Type-II reporting in FDD FR1, support the definition of  Port Groups in a CSI Resource Setting configuration, with , according to the following alternatives:
1. In a Resource Set configured with a single CMR with  ports, a Port Group contains  ports
2. In a Resource Set configured with  CMRs with  ports each, a Port Group contains the  ports of a CMR.

3.2	Spatial-domain basis vectors ()
In legacy single-TRP Rel16/17 Type II CBs, all the selected SD basis components are transmitted from one TRP. For Type I multi-panel CB, in case of a single TRP formed by multiple panels, the same selected one or two beams are transmitted by all the panels in the TRP. This makes sense because the panels are assumed co-located within the same TRP.
In Type-II extension for CJT, a UE can be configured to select separate SD beams for each TRP. The TRPs share the same DFT codebook of size . The UE is instructed to select  beams for TRP 0,  beams for TRP 1, etc., such that the total number of selected beams equals . The values  may be network configured or selected by a UE and they may be the same for all TRPs, i.e., , for , or different. In the case the number of beams per TRP are selected by a UE, with , a UE may decide to report CSI on a subset of TRPs. However, UE selection of  requires higher feedback overhead, because the UE needs to indicate the selected values of  in Part 1 of the CSI report, which has fixed size, for the gNB to be able to determine the payload size of Part 2, which is variable.
Proposal 11. [bookmark: _Ref102122005]For CJT Type-II reporting in FDD FR1 with  TRPs, assume that the total number of beams  in  is network configured. Study whether to support one or both alternatives:
1. UE selects  beams per TRP
2. UE selects  beams for TRP , with  and 
Figure 14 shows an example of a CJT setup with  antenna ports and an array layout  and oversampling . Each of the two RRHs/TRPs is associated to a size- codebook. A UE selects  beams for TRP 0 from the basis set identified by offsets  and formed by  beams. The other  beams are selected for TRP 1 from the basis set identified by offsets  and formed by  beams.
[image: ]
[bookmark: _Ref101892676]Figure 14. Example of  selection for CJT with .  and . A UE selects  beams per RRH/TRP

For the same DFT codebook shared by all TRPs, beam  for TRP  is identified by the pair of indices , where  and  and defined as follows
	


	[bookmark: _Ref534994984][bookmark: _Ref534994990](12)


Note that if the total number of beams, , is network configured, the value of  cannot be smaller than  to ensure that each TRP may be active in the CJT transmission, i.e., .
Figure 15 shows how the  selected SD beams are combined to form . The figure also shows a proposed codebook structure for CJT Type-II CSI, for a generic layer and all the subbands of the reporting band.
[image: ]
[bookmark: _Ref101893449]Figure 15. Example of CJT Type-II codebook structure for  and , showing how the selected  beams per RRH/TRP combine to form 

3.3	Frequency-domain basis vectors ()
In general, a UE may determine separate  FD basis components for each Port Group/TRP  and for each layer. Note that some of the components for a given layer may be common between two or more port groups, hence reporting  separate component sets per layer requires significant overhead and is inefficient. To reduce feedback overhead, a UE may be configured to report a single set of  FD basis components for each reported layer, in which case the FD components are layer specific but polarisation common and Port Group/TRP common.
Proposal 12. [bookmark: _Ref102122078]For CJT Type-II reporting in FDD FR1 with  TRPs, support UE’s joint selection of  FD basis components of  for all TRPs
Proposal 13. [bookmark: _Ref102122121]For CJT Type-II reporting in FDD FR1 with  TRPs, study ways to optimise the overlap between the strongest FD basis components of different TRPs, e.g., by introducing a cyclic shift (i.e., phase ramp) for each TRP with respect to a reference TRP.
In legacy codebooks the FD basis component indices are reported relative to a reference, which is either the FD component of the strongest coefficient for a given layer (Rel-16) or the selected FD component of lowest index (Rel-17). This is possible because a precoder vector is transparent to a phase multiplication applied to all the transmit ports, hence a cyclic shift applied to the selected FD component indices does not need reporting. In case of CJT, a UE may calculate the FD components separately for each Port Group/TRP. To maximise the overlap between the components of different TRPs, a cyclic shift may be applied to the FD basis of each TRP. However, because CJT transmission requires the Port Group/TRPs to be synchronised in phase as well as time,  of these cyclic shifts need to be reported and compensated for in the precoder reconstruction. Note that one TRP can be taken as reference, hence any cyclic shift for this TRP does not need reporting as per legacy Rel-16 FD basis reporting.
Figure 16 illustrates an example of cyclic shift applied to the FD components of TRP 1 to align their amplitude profile to that of TRP 0, taken as reference TRP. The UE may then select, for example, the  strongest FD components for both TRPs as components 0,1,6,7. The UE reports a cyclic shift  for TRP 1. This cyclic shift is applied in the precoder matrix reconstruction to obtain a shifted set of FD components for TRP 1, such that components 2,3,0,1 are used to combine beams for TRP 1 and FD components 0,1,6,7 are used for TRP 0.
[image: ]
[bookmark: _Ref101899526]Figure 16. Example of cyclic shift applied to the FD basis set of TRP 1 to achieve better alignment between TRPs for common FD basis component selection.


3.4	Combination coefficients ()
Whilst the SD beams and FD basis components may be determined separately or jointly for each Port Group/TRP, in a CJT measurement hypothesis the nonzero combination coefficients (NZC) need to be calculated jointly across Port Groups/TRPs because a layer is formed by a combination of beams transmitted by multiple Port Groups/TRPs.
When multiple TRPs jointly serve a UE by using CJT mode, power imbalance among different TRPs may exist due to different distances and RSRPs to the same UE. This power imbalance may have large impact on CSI quantization accuracy and CJT transmission throughput. The nonzero coefficients in  are used to linearly combine different pairs of SD beams and FD basis components to approximate aggregated eigenvectors from multiple TRPs. However, in single-TRP Type-II CSI, there are only two reference amplitudes for these coefficients, one per polarisation, with the reference amplitude of the stronger polarisation normalised to one. Therefore, additional per-TRP amplitude reference should be considered to address this power imbalance problem between TRPs.
Proposal 1. 
Proposal 2. 
Proposal 3. 
Proposal 4. 
Proposal 5. 
Proposal 6. 
Proposal 7. 
Proposal 8. 
Proposal 9. 
Proposal 10. 
Proposal 11. 
Proposal 12. 
Proposal 13. 
Proposal 14. [bookmark: _Ref102122174]For CJT Type-II reporting in FDD FR1 with  TRPs, study ways to reduce the power imbalance between  coefficients of different TRPs, caused by different RSRPs, e.g., by reporting an additional reference amplitude, such as the reference amplitude of the stronger polarisation, for each TRP with respect to the TRP with the strongest coefficient.

3.5	Simulation results
We carried out some simulations to investigate practical CJT gains with Rel-16 eType-II CSI feedback modified according to Figure 15. We considered three practical deployment scenarios:
A. [bookmark: _Ref101947457]Rural Macro + RRH, 700 MHz, ISD = 1.7 Km
B. [bookmark: _Ref101948418]Urban Macro only, 2 GHz, ISD = 200 m
C. [bookmark: _Ref101948420]Urban Macro only, 4 GHz, ISD = 200 m
Scenario A is illustrated in Figure 17, where the CJT transmission set is formed by up to 4 TRPs: 1 macro sector TRP and 3 RRH. Scenarios B and C are illustrated in Figure 18, where the CJT transmission set if formed by up to 4 macro sector TRPs. The TRPs in a transmission set are all within 12dB RSRP threshold with respect to the maximum RSRP within the CJT scheduling set (described below for the different scenarios). A UE provides CSI feedback only for the CJT transmission set.
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[bookmark: _Ref101947964]Figure 17. CJT scenario with macro TRP + RRH
	[image: ]
[bookmark: _Ref101948445]Figure 18. CJT scenario with macro TRP only



In the simulations, we tested two CJT scheduling sets for each scenario, such that UEs are jointly scheduled for DL transmission within a CJT scheduling set.
For scenario A:
A1. Intra-sector: a CJT scheduling set is formed by 1 macro TRP and 3 RRH
A2. Intra-site: a CJT scheduling set is formed by 3 co-sited macro TRPs and 9 RRH
For scenario B and C:
B/C1. Intra-site: a CJT scheduling set is formed by 3 co-sited macro TRPs
B/C2. Inter-site: a CJT scheduling set is formed by 9 macro TRPs
The system simulation parameters are summarised in Table 1. As baseline we assumed single-TRP scheduling with eType-II (Rel-16) CSI feedback. 
[bookmark: _Ref101951342]Table 1. SLS parameters for the simulated CJT scenarios
	Parameters
	Scenarios

	
	A: Intra-site (Macro + RRH)
	B: Inter-site (Macro-only)
	C: Inter-site (Macro-only)

	Inter-site distances
	1.7 km
	200 m
	200 m

	Carrier frequencies
	0.7 GHz
	2 GHz
	4 GHz

	Channel type
	RMa
	UMa
	UMa

	System bandwidth
	10MHz

	BS Transmit Power
	Macro: 46 dBm
RRH: 46 dBm 
	Macro: 46 dBm
	Macro: 46 dBm

	BS Height
	Macro: 35 m
RRH: 35m
	Macro: 25m
	Macro: 25m

	BS Antenna Configuration
	4 ports: (M,N,P,Mg,Ng,N1,N2) = (8,2,2,1,1,1,2)
100 mechanical elevation tilt
	16 ports: (M,N,P,Mg,Ng,N1,N2)  = (8,4,2,1,1,2,4)
100 mechanical elevation tilt
	16 ports: (M,N,P,Mg,Ng,N1,N2) = (8,4,2,1,1,2,4)
100 mechanical elevation tilt

	UE Distribution
	100% outdoor 
	20% outdoor 
	20% outdoor

	UE Antenna Configuration
	2 Rx: (M,N,P) = (1,1,2) 
	4 Rx: (M,N,P) = (1,2,2) 
	4 Rx: (M,N,P) = (1,2,2) 

	UE speed
	3 kmph

	Traffic Model
	FTP Model 1: target resource utilisation (RU) as specified in the results

	Receiver
	Non-ideal 2RX MMSE
	Non-ideal 4RX MMSE
	Non-ideal 4RX MMSE

	CJT Scheduling Set Size
	Intra-sector: 4 TRPs (1 Macro + 3 RRHs)
Intra-site: 12 TRPs (3 Macros + 9 RRHs)
	Intra-site: 3 TRPs
Inter-site: 6 or 9 TRPs
	Intra-site: 3 TRPs
Inter-site: 6 or 9 TRPs



We compared mean UE spectral efficiency (SE) and cell-edge SE between the baseline and each of the 3 scenarios in Figure 19, Figure 20 and Figure 21. For each scenario, we simulated the two different CJT scheduling assumptions described above and we also simulated a case in which the total number of NZC reported for the CJT CSI is limited to be the same as for single-TRP. This case is denoted as ‘A/B/C2, same overhead’.
	[image: ]
[bookmark: _Ref101960925]Figure 19. A1: macro + RRH scenario with intra-sector CJT scheduling. A2: macro + RRH scenario with intra-site CJT scheduling. Target traffic load (RU): 37%.
	[image: ]
[bookmark: _Ref101960927]Figure 20. B1: macro-only scenario with intra-site CJT scheduling at 2 GHz. B2: macro-only scenario with inter-site CJT scheduling at 2 GHz. Target traffic load (RU): 32%.



[image: ]
[bookmark: _Ref101960928]Figure 21. C1: macro-only scenario with intra-site CJT scheduling at 4 GHz. C2: macro-only scenario with inter-site CJT scheduling at 4 GHz. Target traffic load (RU): 32%.

In these preliminary results, we observe very significant gains in rural macro (RMa) + RRH deployment at 700MHz (scenario A). Performance gains of CJT in urban macro (Uma) at 2 GHz and 4 GHz are very similar and in general are lower than the CJT gains at 700 MHz. Furthermore, we see that the performance gains are higher in the case of inter-sector/inter-site cases (A2/B2/C2) than in the intra-sector/intra-site cases (A1/B1/C1). Performance gains of CJT do not degrade significantly in all scenarios when the feedback overhead is limited to be approximately the same as for single-TRP eType-II.
Observation 1. 
Observation 2. 
Observation 3. 
Observation 4. 
Observation 5. 
Observation 6. 
Observation 7. 
Observation 8. 
Observation 9. 
Observation 10. 
Observation 11. 
Observation 12. 
Observation 13. 
Observation 14. 
Observation 15. 
Observation 16. [bookmark: _Ref102124832]In our preliminary simulation results, we observe very significant throughput gains in intra-site (rural macro + RRH) deployment at 700 MHz, in the order of 40% for mean UE throughput and 116% for cell-edge throughput. Gains are also significant, although smaller, for inter-site (urban macro only) deployment, with increase in throughput of about 8% and 34% for mean UE and cell-edge throughput, respectively.
3.6	Evaluation methodology
In our view, the study of CJT CSI enhancement for FDD operations should prioritise Rel-16 Type-II regular codebook, because of the added complications of handling partial reciprocity with Rel-17 FeType-II when multiple UL channels need to be estimated from SRS at different TRPs.
Appropriate system level simulation assumptions for Rel-16 eType-II were agreed in RAN1#94-bis and can be adopted for Rel-18 enhancement. For reference, the table with the SLS parameters is found in Appendix A. Some modifications/additions are needed to define the relevant CJT scenarios.
Proposal 14. 
Proposal 15. [bookmark: _Ref102122217]For system level performance evaluation of CSI enhancement schemes for CJT in FDD operations, adopt the SLS assumptions from Rel-16 eType-II with the following modifications
	Parameters
	Scenarios

	
	A: Intra-site (Macro + RRH)
[image: ]
	B: Inter-site (Macro-only)
[image: ]

	Inter-site distances
	1.7 km
	200 m

	Carrier frequencies
	0.7 GHz
	2 GHz, 4 GHz (optional)

	Channel type
	Rural (RMa)
	Urban Macro (Uma)

	Simulation bandwidth
	10MHz

	BS Transmit Power
	Macro: 46 dBm
RRH: 46 dBm 
	Macro: 46 dBm

	BS Height
	Macro: 35 m
RRH: 35m
	Macro: 25m

	BS Antenna Configuration
	4 ports: (M,N,P,Mg,Ng,N1,N2) = (8,2,2,1,1,1,2)
100 mechanical elevation tilt
	16 ports: (M,N,P,Mg,Ng,N1,N2)  = (8,4,2,1,1,2,4)
100 mechanical elevation tilt

	UE Distribution
	100% outdoor 
	20% outdoor 

	UE Antenna Configuration
	2 Rx: (M,N,P) = (1,1,2)
4 Rx: (M,N,P) = (1,2,2)

	UE speed
	3 kmph

	Traffic Model
	FTP Model 1: 20/50% target RU

	Receiver
	Non-ideal 2RX MMSE
	Non-ideal 4RX MMSE

	CJT Scheduling Set Size
	Intra-sector: 4 TRPs (1 Macro + 3 RRHs)
Intra-site: 12 TRPs (3 Macros + 9 RRHs)
	Intra-site: 3 TRPs
Inter-site: 6 or 9 TRPs



4	Conclusion
Hereafter is a summary of proposals for CSI enhancement in high/medium velocities.
Proposal 1	Study the following CSI reporting enhancement schemes for medium/high speed UEs, based on:
· Reporting of Doppler spread measured by a UE via TRS. The gNB uses the reported Doppler spread to adapt the CSI reporting period and CSI-RS period to a UE’s velocity. 
· Channel prediction at the UE. A UE predicts the channel at one or more future time slots from past CSI-RS measurements and reports one or more predicted PMIs in the same report. The study should include
· Whether CSI-RS only or a combination of CSI-RS and TRS can be used for prediction
· Assumption that PMIs in a report share the same  and  
· CQI reporting based on multiple reported PMIs
· Precoder prediction at the gNB. A UE reports multiple PMIs calculated from past CSI-RS measurements in one report. The study should include
· CSI-RS configuration in time
· Assumption that PMIs in a report share the same  and .  Compression of  in time by using orthogonal basis vectors
· CQI reporting based on multiple reported PMIs
Proposal 2	For the study of CSI reporting enhancement schemes for medium/high speed UEs based on channel prediction at the UE, consider a case where a UE is configured to report 2 Rel-16 Type-II PMIs in the same CSI report corresponding to future time slots  and , where  is the slot in which the CSI report is received, and  where  is the CSI reporting period.
Proposal 3	For the study of CSI reporting enhancement schemes for medium/high speed UEs based on channel prediction at the UE, consider two alternatives for channel measurement:
· Single CSI-RS occasion and TRS
· Multiple CSI-RS occasions
Proposal 4	For the study of CSI reporting enhancement schemes for medium/high speed UEs based on channel prediction at the UE, consider a codebook refinement whereby two PMIs are reported in the same CSI report corresponding to precoders: , for 
Proposal 5	For the study of CSI reporting enhancement schemes for medium/high speed UEs based on channel prediction at the UE, consider reporting a single CQI associated to the two PMIs at slot  and , calculated by assuming that the PDSCH transmission lasts  slots and that the PDSCH signal is precoded by  for the first  slots and by  for the second  slots.
Proposal 6	For the study of CSI reporting enhancement schemes for medium/high speed UEs based on precoder prediction at the gNB, consider a  compression scheme whereby  PMIs are reported in the same CSI report corresponding to precoders
, for 
where  are the time slots of the latest  CSI-RS measurement occasions, and where  are the elements of an  compression matrix , with .
Proposal 7	For the study of UE’s reporting of time/Doppler information based on TRS measurements, consider the following use cases:
1. in FDD, UE’s reporting of Doppler spread allows a gNB to adapt the periodicity of CSI reporting or CSI prediction times and the periodicity of CSI-RS to the channel coherence time
2. in TDD, when full UL/DL channel reciprocity can be assumed, the gNB may use time-correlation or Doppler spectrum reported by a UE to predict the evolution in time of the channel measured from SRS and calculate precoding weights for the PDSCH/DMRS based on the predicted channel.
Proposal 8	For system level performance evaluation of CSI enhancement schemes for medium/high speed UEs, adopt the SLS assumptions from Rel-16 eType-II with the following modifications
	Frequency Range
	FR1 only, 2 GHz.

	Scenario
	Dense Urban (macro only)
	Rural Macro (RMa)

	Inter-site distance
	200 m
	1.7 Km

	UE distribution
	100% outdoor (30Km/h)
	  100% outdoor (100Km/h)

	Mobility model
	Spatial consistency model - Procedure A from 38.901, Sec. 7.6.3.2

	Evaluation Metric
	Throughput adjusted by CSI-RS overhead versus CSI feedback overhead

	Baseline for performance evaluation
	Rel-16 Type II Codebook with 5ms CSI feedback periodicity and 4ms scheduling delay




Hereafter is a summary of proposals for CJT Type-II enhancement in FDD.
Proposal 9	For the study of Type-II support for CJT in FDD FR1, prioritise enhancement for Rel-16 Type-II regular CB and consider the following aspects
· Modifications needed to the CSI Reporting Setting
· Joint or separate determination of codebook components  for different TRPs
Proposal 10	For CJT Type-II reporting in FDD FR1, support the definition of  Port Groups in a CSI Resource Setting configuration, with , according to the following alternatives:
1. In a Resource Set configured with a single CMR with  ports, a Port Group contains  ports
2. In a Resource Set configured with  CMRs with  ports each, a Port Group contains the  ports of a CMR.
Proposal 11	For CJT Type-II reporting in FDD FR1 with  TRPs, assume that the total number of beams  in  is network configured. Study whether to support one or both alternatives:
1. UE selects  beams per TRP
2. UE selects  beams for TRP , with  and 
Proposal 12	For CJT Type-II reporting in FDD FR1 with  TRPs, support UE’s joint selection of  FD basis components of  for all TRPs
Proposal 13	For CJT Type-II reporting in FDD FR1 with  TRPs, study ways to optimise the overlap between the strongest FD basis components of different TRPs, e.g., by introducing a cyclic shift (i.e., phase ramp) for each TRP with respect to a reference TRP.
Proposal 14	For CJT Type-II reporting in FDD FR1 with  TRPs, study ways to reduce the power imbalance between  coefficients of different TRPs, caused by different RSRPs, e.g., by reporting an additional reference amplitude, such as the reference amplitude of the stronger polarisation, for each TRP with respect to the TRP with the strongest coefficient.
Proposal 15	For system level performance evaluation of CSI enhancement schemes for CJT in FDD operations, adopt the SLS assumptions from Rel-16 eType-II with the following modifications
	Parameters
	Scenarios

	
	A: Intra-site (Macro + RRH)
[image: ]
	B: Inter-site (Macro-only)
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	Inter-site distances
	1.7 km
	200 m

	Carrier frequencies
	0.7 GHz
	2 GHz, 4 GHz (optional)

	Channel type
	Rural (RMa)
	Urban Macro (Uma)

	Simulation bandwidth
	10MHz

	BS Transmit Power
	Macro: 46 dBm
RRH: 46 dBm 
	Macro: 46 dBm

	BS Height
	Macro: 35 m
RRH: 35m
	Macro: 25m

	BS Antenna Configuration
	4 ports: (M,N,P,Mg,Ng,N1,N2) = (8,2,2,1,1,1,2)
100 mechanical elevation tilt
	16 ports: (M,N,P,Mg,Ng,N1,N2)  = (8,4,2,1,1,2,4)
100 mechanical elevation tilt

	UE Distribution
	100% outdoor 
	20% outdoor 

	UE Antenna Configuration
	2 Rx: (M,N,P) = (1,1,2)
4 Rx: (M,N,P) = (1,2,2)

	UE speed
	3 kmph

	Traffic Model
	FTP Model 1: 20/50% target RU

	Receiver
	Non-ideal 2RX MMSE
	Non-ideal 4RX MMSE

	CJT Scheduling Set Size
	Intra-sector: 4 TRPs (1 Macro + 3 RRHs)
Intra-site: 12 TRPs (3 Macros + 9 RRHs)
	Intra-site: 3 TRPs
Inter-site: 6 or 9 TRPs




Hereafter is a summary of observations for CSI enhancement in high/medium velocities.
Observation 1	The main goal of the study in Objective 1 is to alleviate performance loss for UEs at medium/high speed due to rapid aging of the reported CSI.
Observation 2	In an order of magnitude sense, for UE velocities in the range between 30 to 100 Km/h and a carrier frequency at 2GHz, the channel coherence time is in a range between, approximately 20 and 5 ms.
Observation 3	Scheduling more frequent CSI reports can reduce the CSI application time but not the reporting latency. The periodicity of CSI reports and CSI-RS can be adapted based on UE’s feedback of Doppler spread measured from TRS.
Observation 4	Channel prediction at the UE can be exploited to reduce both the CSI reporting latency and the CSI application time. The UE measures several past RS transmission occasions and predicts the channel at one or more future time steps. It then calculates one or more CSIs based on the predicted channel and reports these CSIs in the same report. Feedback overhead can be reduced by assuming that all PMIs in a report share the same  and  codebook components. Additional reporting of Doppler spread measurements based on TRS may help a gNB adapt the CSI prediction interval and CSI-RS period to the channel coherence time.
Observation 5	Precoder prediction at the gNB based on reporting of past CSIs can be used to reduce the CSI application time, but not the reporting latency, which is increased for older CSIs. Additional reporting of Doppler spread measurements based on TRS may help a gNB adapt the CSI prediction interval and CSI-RS period to the channel coherence time.
Observation 6	Channel prediction at the UE has some advantages over precoder prediction at the gNB, including
· PMI based on channel prediction at the UE is more accurate than precoder prediction at the gNB, because of the coarsely quantised nature of the reported PMIs
· Fewer PMI calculations at the UE, which implies lower UE complexity and less CSI-RS and feedback overhead
· More accurate CQI calculation based on the predicted channel and corresponding PMI
· Stronger time correlation of the channel coefficients compared to the coefficients of 
Observation 7	For TDD operations assuming full UL/DL channel reciprocity, reporting of time autocorrelation of the channel or Doppler spectrum measured from TRS, can be used for DL channel prediction at the gNB, based on UL channel SRS estimation and TRS time-correlation/Doppler information reported by the UE
Observation 8	One advantage of UE-based channel prediction and reporting of two or more PMIs is the possibility for the gNB to interpolate the precoding vectors in time over multiple slots, as interpolation is typically more accurate than extrapolation.
Observation 9	We observe that at medium/high velocity, the coefficients of  are significantly less correlated in time than the CSI-RS channel measurements, which suggests that effective compression of PMI in time/Doppler domain is hard to achieve.
Observation 10	The low time correlation of  seems related to the fact that eigenvectors are calculated with a phase uncertainty, and they are calculated independently for each CSI-RS measurement occasion, hence a random phase factor tend to decorrelate the time sequence of .
Observation 11	The main limitations of TRS when used for time-domain channel tracking are the single-port restriction per resource and the minimum periodicity of 10ms.


Hereafter is a summary of observations for CJT Type-II enhancement in FDD.
Observation 12	CJT differs from NCJT in that it assumes phase synchronization between TRPs, such that a MIMO layer can be mapped to transmit antennas of multiple TRPs. Both CJT and NCJT assume full overlap of MIMO layers in time and frequency resources.
Observation 13	Rel-17 introduced MTRP CSI reporting configured with 1 or 2 Resource Pairs and with a Resource Set configured with up to  CMRs divided in two Resource Groups.
Observation 14	For CJT Type-II CSI reporting, it is possible to configure a Resource Set with a single CMR divided in  Port Groups. This limits the maximum number of ports per TRP to  and may need the association of  TCI states to the same CMR.
Observation 15	For CJT Type-II CSI reporting, it is possible to configure a Resource Set with a  CMRs, . In this case, CSI calculation spans multiple CMRs, and CRI is not needed.
Observation 16	In our preliminary simulation results, we observe very significant throughput gains in intra-site (rural macro + RRH) deployment at 700 MHz, in the order of 40% for mean UE throughput and 116% for cell-edge throughput. Gains are also significant, although smaller, for inter-site (urban macro only) deployment, with increase in throughput of about 8% and 34% for mean UE and cell-edge throughput, respectively.
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[bookmark: _Ref101967577]Appendix A	Rel-16 SLS assumptions for eType-II

	Parameter
	Value

	Duplex, Waveform 
	FDD (TDD is not precluded), OFDM 

	Multiple access 
	OFDMA 

	Scenario
	Dense Urban (Macro only) is a baseline. 
Other scenarios (e.g. UMi@4GHz 2GHz, Urban Macro) are not precluded.

	Frequency Range
	FR1 only, 4GHz.

	Inter-BS distance
	200m 

	Channel model
	According to the TR 38.901 

	Antenna setup and port layouts at gNB
	Companies need to report which option(s) are used between
· 32 ports: (8,8,2,1,1,2,8), (dH,dV) = (0.5, 0.8)λ 
· 16 ports: (8,4,2,1,1,2,4), (dH,dV) = (0.5, 0.8)λ
Other configurations are not precluded.

	Antenna setup and port layouts at UE
	4RX: (1,2,2,1,1,1,2), (dH,dV) = (0.5, 0.5)λ for rank > 2
2RX: (1,1,2,1,1,1,1), (dH,dV) = (0.5, 0.5)λ for (rank 1,2) Type II overhead reduction
Other configuration is not precluded.

	BS Tx power 
	41 dBm

	BS antenna height 
	25m 

	UE antenna height & gain
	Follow TR36.873 

	UE receiver noise figure
	9dB

	BS receiver noise figure
	5dB (IMT 2020/3GPP model)

	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 
	10 MHz for 15kHz as a baseline, and configurations which emulate larger BW, e.g., same sub-band size as 40/100 MHz with 30kHz, may be optionally considered.

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

	MIMO scheme
	SU/MU-MIMO with rank adaptation is a baseline for overhead reduction.
For low RU, SU-MIMO or SU/MU-MIMO with rank adaptation are assumed for higher rank extension.
For medium/high RU, SU/MU-MIMO with rank adaptation is assumed for higher rank extension.

	MIMO layers
	For all evaluation, companies to provide the assumption on the maximum MU layers (e.g. 8 or 12)

	CSI feedback 
	Feedback assumption at least for baseline scheme
· CSI feedback periodicity (full CSI feedback) :  5 ms, 
· Scheduling delay (from CSI feedback to time to apply in scheduling) :  4 ms

	Overhead 
	Companies shall provide the downlink overhead assumption

	Traffic model
	FTP model 1 with packet size 0.5 Mbytes
Other FTP model is not precluded.

	Traffic load (Resource utilization)
	· 50/70 % for CSI overhead reduction
· 20/50 % for high rank extension
Companies are encouraged to report the MU-MIMO utilization.

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

	UE receiver
	MMSE-IRC as the baseline receiver

	Feedback assumption
	Realistic

	Channel estimation
	Realistic

	Evaluation Metric
	Throughput and CSI feedback overhead as baseline metrics. 
Additional metrics, e.g., ratio between throughput and CSI feedback overhead, can be used.
Maximum overhead (payload size for CSI feedback)for each rank at one feedback instance is the baseline metric for CSI feedback overhead, and companies can provide other metrics.

	Baseline for performance evaluation
	Rel-15 Type II Codebook is the baseline for performance and overhead evaluation for overhead reduction. (Type I Codebook can be considered at least for performance evaluation)
· Companies are encouraged to compare the proposed overhead reduction scheme with Rel-15 overhead reduction scheme, 
Rel-15 Type I Codebook is the baseline for performance and overhead evaluation for higher rank codebook. 





Appendix B	Rel-17 SLS assumptions for FeType-II PS
 
	Parameter
	Value

	Duplex, Waveform 
	FDD (TDD is not precluded), OFDM 

	Multiple access 
	OFDMA 

	Scenario
	Dense Urban (Macro only) is a baseline. 
Other scenarios (e.g. UMi@4GHz 2GHz, Urban Macro) are not precluded.

	Frequency Range
	FR1 only, 2GHz with duplexing gap of 200MHz between DL and UL, optional for 4GHz

	Inter-BS distance
	200m 

	Antenna setup and port layouts at gNB
	Companies need to report which option(s) are used between
· 32 ports: (8,8,2,1,1,2,8), (dH,dV) = (0.5, 0.8)λ 
· 16 ports: (8,4,2,1,1,2,4), (dH,dV) = (0.5, 0.8)λ
Other configurations are not precluded.

	Antenna setup and port layouts at UE
	4RX: (1,2,2,1,1,1,2), (dH,dV) = (0.5, 0.5)λ for rank > 2
2RX: (1,1,2,1,1,1,1), (dH,dV) = (0.5, 0.5)λ for (rank 1,2) 
Other configuration is not precluded.

	BS Tx power 
	41 dBm for 10MHz, 44dBm for 20MHz, 47dBm for 40MHz

	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 

	Simulation bandwidth 
	20 MHz for 15kHz as a baseline (optional for 10 MHz with 15KHz), and configurations which emulate larger BW, e.g., same sub-band size as 40/100 MHz with 30kHz, may be optionally considered

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

	MIMO scheme
	For low RU, SU-MIMO with rank adaptation are assumed 
For medium/high RU, SU/MU-MIMO with rank adaptation is assumed 

	MIMO layers
	For all evaluation, companies to provide the assumption on the maximum MU layers (e.g. 8 or 12)

	CSI feedback 
	Feedback assumption at least for baseline scheme
· CSI feedback periodicity (full CSI feedback) :  5 ms, 
· Scheduling delay (from CSI feedback to time to apply in scheduling) :  4 ms

	Overhead 
	Companies shall provide the downlink overhead assumption

	Traffic model
	FTP model 1 with packet size 0.5 Mbytes
Other FTP model is not precluded.

	Traffic load (Resource utilization)
	· 70% for SU/MU-MIMO with rank adaptation
· 20% for SU-MIMO with rank adaptation
Companies are encouraged to report the MU-MIMO utilization.

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

	UE receiver
	MMSE-IRC as the baseline receiver

	Feedback assumption
	Realistic

	Channel estimation
	Realistic

	Evaluation Metric
	Throughput and CSI feedback overhead as baseline metrics. 
Additional metrics, e.g., ratio between throughput and CSI feedback overhead, can be used.
Maximum overhead (payload size for CSI feedback)for each rank at one feedback instance is the baseline metric for CSI feedback overhead, and companies can provide other metrics.

	Baseline for performance evaluation
	Rel-16 PS eTypeII Codebook is the baseline for performance and overhead evaluation. (Type I Codebook can be considered at least for performance evaluation)
· Note that it is encouraged to disclose further details of beamforming mechanism/ordering over CSI-RS ports/resources.



Agreement
For EVM for FDD CSI enhancement in Rel-17, cluster delays and angles resulting from fast fading channel generation are the same for FDD DL and UL channels. 

Agreement
For EVM for FDD CSI enhancement in Rel-17, use following Alt 1 as the baseline and Alt 2 as the optional 
· Alt 1: Based on Section 5.3 of TR 36.897, to generate FDD DL and UL channels.
· Alt 2: Based on Section 7.6.5 of TR 38.901, to generate FDD DL and UL channels with following modifications:
· Different per-cluster shadowing is generated for DL and UL, and DL (or UL) angles are generated based on DL (or UL) cluster powers. Then UL (or DL) uses the same angles and its own cluster powers to generate the channel matrix.
· XPR is generated independently for DL and UL.

Agreement
For EVM for FDD CSI enhancement in Rel-17, using SRS error model in Table A.1-2 in 36.897 with Δ=9 dB. 
· Companies are encouraged to disclose SRS configuration parameters, if differently

Agreement
For EVM for FDD CSI enhancement in Rel-17, using the following calibration error model 

·  is the spatial UL channel at gNB side with calibration error
·  is the ideal spatial UL channel without calibration error
· E represents the mismatch of transmission and reception circuits of gNB
·  is the amplitude error 
·  is the phase error
· N is the number of antennas at gNB side 
With amplitude error (expressed in decibel of ) and phase error are normal distribution with 0.7dB and 5 degrees standard deviation, respectively. Both amplitude/phase errors are assumed to be constant during a simulation drop at time, and constant either across whole simulation bandwidth or per 4 PRB at frequency. Companies shall report the assumption of error modelling at frequency. 

Agreement
For EVM for FDD CSI enhancement in Rel-17, companies are encouraged to describe general procedure with regarding to UE/UE group/cell-specific beamforming bases applied to CSI-RS ports/resources, spatial and/or Frequency domain precoding, CSI measurement behavior over beamformed CSI-RS, etc. for the sake of RAN1 discussion. 
· Note that whether there is spec impact is up to further RAN1 discussion.  

Agreement
For EVM for FDD CSI enhancement in Rel-17, companies are encouraged to consider AP beamformed CSI-RS overhead used in both baseline and Rel-17 enhancement evaluation, either to be the same, or to be reported as averaged X CSI-RS ports per Y ms per cell during simulation runs if differently.
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