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Introduction
The focus on the WID [1] for the topic of MIMO Evolution has been on identifying and specifying necessary enhancements on downlink MIMO that facilitate the use of large antenna array for both FR1 and FR2. The following objectives from the WID [1] identifies areas which we see to be considered with relation to UE Demodulation performance and CSI requirement definition. 
	[…]
Study, and if justified, specify CSI reporting enhancement for high/medium UE velocities by exploiting time-domain correlation/Doppler-domain information to assist DL precoding, targeting FR1, as follows:
· Rel-16/17 Type-II codebook refinement, without modification to the spatial and frequency domain basis
· UE reporting of time-domain channel properties measured via CSI-RS for tracking
[…]
Study, and if justified, specify enhancements of CSI acquisition for Coherent-JT targeting FR1 and up to 4 TRPs, assuming ideal backhaul and synchronization as well as the same number of antenna ports across TRPs, as follows:
· Rel-16/17 Type-II codebook refinement for CJT mTRP targeting FDD and its associated CSI reporting, taking into account throughput-overhead trade-off
[…]



In the following sections we will iterate the current outcome from RAN1 as well as our understanding related to the impact of the RAN1 outcome to RAN4 UE performance and CSI requirement definitions.

Background and Discussion
General
From the WID [1] we see the following topics to have possible relevance for definition of UE performance requirements targeting FR1:
· CSI reporting enhancement for high/medium UE velocities by exploiting time-domain correlation (TDCP)
· CSI reporting enhancement for high/medium UE velocities by exploiting Doppler-domain
· Enhancements of CSI acquisition for Coherent-JT targeting FR1 and up to 4 TRPs
In the following sections we will discuss each above case individually.
CSI reporting enhancement for high/medium UE velocities by exploiting time-domain correlation
For Rel 18 CSI enhancements, a new CSI quantity has been presented to the 3GPP industrial community. This new CSI quantity is called Time Domain Channel Property (TDCP) indicator and its function is focused on providing the BS radio physical interface with new CSI information regarding the relative mobility of the UE and associated Doppler characteristics of the link with the serving BS. 
In specification Time domain channel property (TDCP) is defined as wideband normalized correlation between two CSI-RS transmission occasions, corresponding to CSI-RS resource(s) from NZP-CSI-RS-ResourceSet(s) configured with higher layer parameter trs-info, that are separated by Dn symbols or slots, depending on the configuration, where Dn is the n-th delay configured value among [placeHolderForRrcParameter-D] configured delay values {D1, …, DY} and Y is number of configured delay values.
This indicator is useful for specific reconfiguration uses cases, like CSI codebook type switching (Type-II to Type-I switching based on the channel conditions or channel variability with time information; if the channel varies faster than a certain threshold then a Type-II to Type-I switch occurs) and reference signal reconfiguration (e.g., SRS).
In RAN1#112 meeting, alternative B (i.e., Time domain correlation profile) was down selected as the TDCP value out of a set of other alternatives.
	
	B. Time-domain correlation profile 
	Non-zero quantized version of amplitude  for a number of delay values  (quantized amplitude vs delay)

Example equation 

where

and  is the channel for subcarrier n.

	· Normalized auto-correlation of a time series measured from a TRS resource.
· Multiple auto-correlation values can be calculated from different lags of the same resource or different resources
· The autocorrelation can be estimated by replacing the channel  for subcarrier n in the defining formula in column 2, with the matched filter subcarrier components   of the received signal  where  is the complex conjugate of the known transmitted TRS signal. For  one can use the arithmetic average over the two TRS symbols separated by the time  , i.e.


Or, alternatively, one may use the geometric average for , i.e. 

Further methods to remove noise bias and to suppress noise can be used.







Let  be the Tracking Reference Signal (TRS) channel measured at subcarrier , with , and time , where  is the time interval between two consecutive TRS measurement occasions. Let us assume a UE takes  repetitions of such TRS measurements at time . The normalized wideband time-correlation function [1] at lag , averaged over the  subcarriers, is given by , given by equations (1) and (2).
Figure 1 shows an illustration of the time correlation calculation for TDCP across multiple TRS. It is worth noting that this method provides reduced variability in TDCP amplitudes with the same number of TRSs and requires uniform spreading of delays, i.e., Dk=k∙D1 (see Figure 2).
	
	[bookmark: _Ref141948025](1)


The wideband time-correlation function  is then normalized by the time-correlation function with lag 0, , as:
	
	[bookmark: _Ref141948032](2)
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[bookmark: _Ref141947818]Figure 1. Illustration of the Time Correlation Calculation for TDCP.
[bookmark: _Toc142669934]TDCP is calculated as the normalized time correlation function from 2 or more channel measurements estimated based on TRS. 

Figure 2 shows a polar scatterplot of the correlation values, for a fixed speed value of 10 km/h and compares two methods of correlation calculation based on the same measurements (left vs right) and two TDCP configurations with Y=1 for graphs a) and b) and Y=4 for graphs c) and d). The UEs are randomly placed and have a random direction relative to the BS. The choice of the delay values ensures uniform spacing in time between TRSs, i.e. delays Dk=k∙D1 for k=1,…,Y. All the Y correlation delays of 25 random UEs are plotted together, on a scatterplot, where each point (for Y=1) or line (for Y>1) represents a TDCP report, by one of the UEs. Red color of the point indicates that Rel16 eType-II codebook results in better performance for this particular UE, while blue color indicates that Rel15-Type-I codebook shows better throughput. Since here we Illustrate the basic configuration, each TDCP report consists of 4 quantized amplitudes and 4 quantized phases. On these graphs concentric circles show amplitude quantization borders and uniform rays show phase quantization borders. For the illustrative purposes scatterplots bellow show unquantized TDCP delay correlations, as quantization would aggregate multiple TDCP measurements in the central points of the sectors formed by quantization borders.
Comparing two methods of calculating correlation between TRS occasions, which both comply with the definition of TDCP, we can clearly see that method choice can drastically change the TDCP measurement and report: both correlation amplitude and phase can be affected and lead to change of the reported levels, what can influence both accuracy of TDCP and performance of TDCP based use cases.
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[bookmark: _Ref142654008][bookmark: _Ref142654000]Figure 2. Polar scatter plots comparing two methods of delay correlation calculation for two TDCP configurations.
[bookmark: _Toc142669938]Choice of a method of TDCP calculation can influence the reported TDCP measurements. In addition, TDCP reports are a set of complex values (of length Y) that the UE reports as amplitude and phase.
[bookmark: _Ref142577735]TDCP quantization
One of the aspects that were considered for TDCP in RAN1 is related to the quantization of the TDCP samples. During RAN1 studies it was identified that TDCP samples were not uniformly distributed, and that the mapping to speed was more sensitive to quantization errors in certain value range than others. 
For TDCP, the nonuniform quantization of the wideband normalized amplitude and uniform quantization of the phase are described in CR to 38.214 R1-2306330 [10]:
Wideband normalized amplitude has the 4-bit alphabet given by;
 where . 
And the uniform quantization of the phase is given by this 4-bit alphabet;  where .
[bookmark: _Toc142669939]RAN1 has defined 4-bit non-uniform quantization of TDCP amplitude coefficients, and 4-bit uniform quantization of phase coefficients.

Possible TDCP configurations for performance tests
Choice of TDCP configurations for potential performance requirements should be carefully considered. It can influence not only number of tests, but also the complexity of this work. For example, if only basic feature should be used (i.e., Y=1, D_1=4 symbols or 1 slot, no phase reporting see Figure 3 a) and b) or a configuration with multiple delays and both amplitude and phase reporting (see Figure 3 c) and d).
It is also important to define at which UE speeds to do the test and how to simulate channel mobility. Figure 3 shows also the speed impact on the TDCP measurements: graphs on the left are for low speed (6 kmph) UEs and graphs on the right for medium (30 kmph) speed UEs. 
All possible TDCP configurations are described in Section 5.2.1.4.2 of CR to 38.214 R1-2306330 [10].
	If the UE is configured with a CSI-ReportConfig with the higher layer parameter reportQuantity set to 'tdcp'
-	the value of  is configured by higher layer parameter Y, and  delay values, , are configured by higher layer parameter D, such that the UE is expected to report the amplitude of TDCP measurement, as defined in Clause 5.1 of [7, TS 38.215], for each of the configured delays. Values of  can be configured subject to UE capability. The configurable delay values are , , where the value  is restricted to subcarrier spacing configuration , the values other than  are applicable to subcarrier spacing configurations , and where the values  can be configured subject to UE capability, with .
-	For , if the higher layer parameter phase is configured, the UE is expected to report the amplitude and phase of TDCP measurement for each of the configured delays, if supported by UE capability.
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	a) Y=1, D=1slot, amplitude reporting, UE speed=6kmph;
	b) Y=1, D=1slot, amplitude reporting, UE speed=30kmph;
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	c) Y=3, D=[2,4,6] slots, amplitude reporting and phase reporting, UE speed=6kmph;
	d) Y=3, D=[2,4,6] slots, amplitude reporting and phase reporting, UE speed=30kmph.


[bookmark: _Ref146649622]Figure 3. Polar scatter plots showing normalized wideband time-correlation function; comparing two TDCP configurations and two UE movement speeds.
From the simulation results in Figure 2 and Figure 3 as well as in [9], the TDCP report concentrate at |A(l)|=1 and angle(A(l)) = 0 for low UE speeds. While the amplitude |A(l)| decreases as the UE speed increases. As the speed increases, it is also possible to observe that the spread of the amplitude of |A(l)| also increases in the polar scatterplots of the correlation values for TDCP. Which is also in line with the decision from RAN1 to assign less quantization levels to smaller amplitude of |A(l)|. In this situation, also the phase of A(l) is used for helping on the detection of mobility, In the CDFs at the appendix of [9] one can observe a large spread of phase of A(l) for larger speeds.
Both phase and angle of TDCP are useful for determining UE mobility.

Summary
In the previous sections we have provided an overview of the TDCP feature and made observations on what is to be considered if requirements are to be defined for TDCP.
TDCP generally can be useful metric for NW especially in cases where reconfiguration is needed at quickly changing channel conditions e.g., high speed UE mobility. For example, Rel-15 Type-I codebooks should better average throughput for high speed UEs compared to Rel-16 eType-II codebooks, at least for some of the configurations (see Figure 4). Adjusting SRS periodicity was also studied as possible use case where TDCP can be useful.
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[bookmark: _Ref146650067]Figure 4 Noise effect on throughput performance for TDCP based switching between Rel-15 Type-I and Rel-16 eType-II codebooks.

Throughput gains for TDCP are highly influenced by the used TDCP formula as well as use case scenario description and channel model used in the simulation. Performance gains in Link Level Simulation (LLS) can be also very different from those observed in System Level Simulation (SLS) due to presence of interference, scheduler, etc. specifically in MU-MIMO scenarios. 
TDCP can influence PDSCH performance indirectly if it is going to be used for any type of reconfiguration: e.g., codebook choice, MCS selection, code rate adaptation, scheduling decisions, etc. 
TDCP does not directly change the system performance (e.g., mean or cell edge throughput) without specifying use case and scenario description. TDCP feature does not influence PDSCH performance directly and does not influence PDCCH. PBCH, CQI, PMI or RI requirements.

RAN4 RRM has in RAN4#104 agreed to not define TDCP measurement delay requirements and are still working to identify if a feasible methodology and test setup can be found to define TDCP accuracy requirements [11]:
	RAN4#108:
· Agreement
· Do not define TDCP measurement delay requirements 
· Agreement
· Further identify feasibility of methodology and test setup to define TDCP accuracy requirements including at least ideal TDCP definition, channel models
· Define TDCP accuracy requirements subject to conclusions of feasibility analysis


RAN4 RRM decided to further identify feasibility of methodology and test setup to define TDCP accuracy requirements.
If RAN4 find it feasible to define TDCP accuracy requirements it could be considered to define CSI Demodulation requirements for reporting of TDCP accuracy.
As none of the existing requirement types in 38.101-4 are relevant for TDCP, a new type of CSI requirement would need to be introduced for accuracy reporting for Time Domain Channel Properties (TDCP).
[bookmark: _Hlk146257498]Do not define PDSCH, PDCCH, PBCH, CQI, PMI or RI requirements for TDCP. Keep decision on defining new testcase and requirements for TDCP accuracy reporting FFS pending outcome of RRM feasibility study.

[bookmark: _Hlk146579977]CSI reporting enhancement for high/medium UE velocities by exploiting Doppler-domain
Basic description
In this section we describe the Rel. 18 Type II enhancements for high/medium speed, which is composed of a CSI prediction and a Doppler/Time domain compression mechanism. To achieve good CSI prediction, the length of the prediction filters, the time separation between CSI-RS resources and the length of the training phase all play a role.
We need to predict  PMIs in a CSI reporting window of size . Thus, for that is reasonable to have
1) sufficient CSI-RS periodicity  
2) sufficient CSI-RS measurements prior the prediction.
In addition, the main challenge is how to avoid incurring in excessive radio resource overhead, thus minimizing the amount of resources required for the CSI-RS generation while keeping good CSI prediction.
	Agreement (RAN1#111)
For the Type-II codebook refinement for high/medium velocities, the parameter WCSI (in slots) is determined as follows: WCSI = dN4


The value of  is quite important for achieving a good prediction. As seen, it would be highly desired that , where  corresponds to the coherence time of the channel. As it is well-known,  is inversely proportional to the Doppler spread characteristics of the channel represented by a maximum doppler shift frequency , i.e., . In that context,  corresponds to a physical quantity to represent the channel variability in the time domain. During a coherence time window , the temporal channel correlation is supposed to change very slow without dropping below a certain threshold, thus having  is a desirable condition to facilitate CSI prediction. For low speeds the correlation with historical measurements changes slowly, therefore CSI sampling frequency is enough to track changes. For higher speeds, CSI prediction becomes less accurate as the channel coherence time window becomes narrower. Thus, there must be a trade-off with an optimal speed somewhere in the middle in which prediction still works well. A realistic prediction model would have more difficulties to predict in longer predictions windows, which simply confirms that  must be chosen accordingly to the UE mobility conditions [3].
The Rel 18 Type-II codebook for medium/high speed performance depends substantially on the channel conditions and the values of CSI-RS period  and the channel coherence time .

Figure 5 show the full process of CSI feedback including channel prediction and the CSI compression. CSI prediction is needed in order to compensate for CSI aging. Notice that for having a working channel prediction it is quite important to store historical channel measurements. A typical CSI predictor, e.g. Wiener Filter implementation, require said historical measurements to calculate the prediction filter coefficients, and later on, to predict future channel states based on latest channel measurements by applying such filter coefficients. After the channel states have been predicted, the corresponding precoding matrices can be obtained for the different predicted points. In total we require a  space-frequency eigenvector-based precoding matrix sets obtained from channel prediction. These precoding matrices sets are compressed in space and frequency by obtaining the respective beam – delay representation. In the example of Figure 5, we compress  precoding matrix sets (PMIs).
Rel. 18 Type-II codebook for high/medium velocities, makes it possible to account the effect of the CSI feedback delay  and the CSI calculation can shift the prediction horizon to compensate the delay also, thus all  PMIs can be obtained as a result of CSI prediction. Finally, the  PMIs can be compressed by obtaining a reduced set of  components in the Doppler domain.
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[bookmark: _Ref146192657]Figure 5. Illustration of the CSI prediction and Time Domain Compression
The Rel 18 Type-II codebook for high/medium speeds provides  PMIs in a distributed window WCSI = dN4, which is a significant change with respect to legacy Type-II. Choice of the length WCSI must be carefully done in combination with the CSI periodicity  and the channel dynamics for the UE.

Codebook numerology
Referring to Figure 5, the value N4 corresponds to the length of the Doppler/Time basis vector and it is unit-less. The values N4,  δ and Q are defined as (ref: Appendix C):
· N4 is configured by the gNB via RRC signaling, and can be set to {1, 2, 4 or 8 
· δ corresponds to the starting slot offset needed to compensate the delay and start the prediction.  Δ takes a  value from the following set 
· Q denotes the number of selected Doppler domain basis vector. Q is layer specific and is set to 2.
The Rel 18 Type-II codebook requires proper configuration of N4 and δ for having a specific performance depending on the channel conditions.

CSI Compression Scheme
For the Rel-18 Type II codebook for high/medium velocities, the codebook structure is affected by the new parameters like   or . In this aspect, if N4=1, it is considered that no Doppler domain compression is carried out, thus the structure of the legacy codebook is kept with , , and , e.g. .
An illustration for that is given in Figure 6 (a) which shows how the space-frequency compression generates the  coefficients for each layer just as the Rel. 16 eType-II does for a single PMI. Notice that even if N4=1 it does not mean that the CSI prediction is not carried out. In fact, with N4=1, the difference with Rel-16 eType-II is that with the new scheme,  might be also obtained from a predicted channel measurement. In that sense, Rel-18 Type II codebook for high/medium velocities also supports an extension for Rel-17 FeType-II port selection (PS) codebook. For this case the only supported value for N4 is 1. On the other hand, when >1 the Doppler/Time domain compression is required.
As depicted in Figure 6 (b) and exemplified for 1 single layer, an additional DFT codebook multiplication is needed for reducing from  slices of CSI coefficients to only  coefficients.
The final result is shown in Figure 6 I. While  and  definitions might be kept from the legacy standard, a new codebook is added to account for the Doppler/Time domain compression. The expression for the precoding matrices approximation is then extended to .
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[bookmark: _Ref146216681]Figure 6.  Illustration of the further CSI compression process in Rel. 18 Type II when N4>1 and the Doppler/Time domain compression process is carried.
	Agreement (RAN1#110bis-e)
For the Rel-18 Type-II codebook refinement for high/medium velocities, support the following codebook structure where N4 is gNB-configured via higher-layer signaling:
· For N4=1, Doppler-domain basis is the identity (no Doppler-domain compression) reusing the legacy , , and , e.g. 
· For N4>1, Doppler-domain orthogonal DFT basis commonly selected for all SD/FD bases reusing the legacy  and , e.g. 
· Only Q (denoting the number of selected DD basis vectors) >1 is allowed
Note: Detailed designs for SD/FD bases including the associated UCI parameters follow the legacy specification

Agreement (RAN1#111)
For the Rel-18 Type-II codebook refinement for high/medium velocities, 
· The definition and supported values for each of the SD/FD codebook parameters follow the legacy specification. 
· For N4=1, the legacy quantization is fully reused.

Agreement (RAN1#111)
For the Rel-18 Type-II codebook refinement for high/medium velocities, for N4=1, one CSI reporting instance includes a single  per layer, a single , and a single 
Agreement (RAN1#112)
The Rel-18 Type-II codebook refinement for high/medium velocities comprises refinement of the following codebooks:
· Refinement of the Rel-16 eType-II regular codebook, with N4>=1
· Refinement of the Rel-17 FeType-II port selection (PS) codebook, based on the common design with the Refinement of the Rel-16 eType-II regular codebook, except for the supported set of parameter combinations, with N4=1 (Time-/Doppler-domain reciprocity is not assumed)



The Rel 18 Type-II codebook for medium/high speeds support N4>1 only with regular codebook (non precoded CSI-RS, i.e., Rel 16 enhanced Type II extension) and with the port specific version version (Rel. 17 further enhanced Type II extension) it allows only N4=1. For these two cases different sets of requirements should be considered.

Channel State information Reference Signals (CSI-RS)
We introduce here the Periodic/Semi Periodic-CSI-RS (P/SP-CSI-RS) and Aperiodic CSI-RS (AP-CSI-RS) schemes as depicted in Figure 7 where 3 new parameters are introduced: , and .
·  denotes the number of CSI-RS burst measurement for aperiodic CSI-Rs.  take its value from the following set . Moreover,  is the distance in slots between two CSI-RS measurements in an AP-CSI-RS burst.
· m takes its value in the following set . 
·  is the distance in slots between two predictions. We need to predict  PMIs in a CSI reporting window of size . The value of d is set to 1 or . 
	Agreement (RAN1#112)
For the Type-II codebook refinement for high/medium velocities, regarding the parameter d (in slots), 
· for P/SP-CSI-RS, support d equal to the periodicity of the CSI-RS resource 
· for AP-CSI-RS, also support d =1




Two cases are considered:
· In the first case, we consider a dense P/SP-CSI-RS scheme with . If the P/SP-CSI-RS sequence is dense enough, we may have a very good CSI prediction. However, the major issue to implement this P/SP-CSI-RS scheme is indeed that having a very short period  implies a high density of CSI-RS resources required in time to achieve such good results. In the ideal case implementation, we would like to have  slots, in order to track and granularly predict the required  PMIs, while we exploit the periodical time correlation properties of the channel [3]. 
· In the second case we may have an aperiodic-CSI-RS scheme which triggers bursts before the  prediction window. This might allow granular calculation of the CSI predictor with  slots (equal to 1 or  slots) spacing for the set of N4 PMIs. To facilitate the prediction of the set of N4 PMIs, each AP-CSI-RS burst is composed by K signals, in which as already mentioned, .
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(b)
[bookmark: _Ref146215195]Figure 7 Illustration of the (a) P/SP-CSI-RS  and (b) AP-CSI-RS support for CSI prediction and Doppler/Time domain compression
For this section, we have an illustration example with different values  and different UE speeds [3]. We have used a MU-MIMO CSI setup with P-CSI-RS with  and two different PMI prediction windows consisting of  and  respectively and adaptive rank scheme with max-rank 2. Also, for analysis 3 different speeds are considered, i.e., 10, 20 and 30km/h. In Figure 8, we observe that for the case with  there are gains for the mean UE-UPT (User Perceived Throughput) and the edge UE-UPT, however the gains are more noticeable for the edge UEs. This interesting behaviour occurs because of the resulting effective SINR after MU-MIMO transmission. Despite that SINR gains are nearly constant after applying prediction, for UEs in the edge, spectral efficiency gain seems to have larger changes for gains on small SINR levels due the logarithmic law governing this relationship. Moreover, this latter is significantly less noticeable for UEs in the center of the cell and closer to the gNodeB. On the other hand, we may also observe that gains are not the same for each speed. This might be explained because gains are obtained in comparison to a Zero-order Holder (ZoH) scheme (i.e. Rel 16 eType II with ) and such gains are relative to how faster ZoH degrades in time due to CSI aging. For low speeds with ZoH, the system degrades much slower in presence of CSI aging and the gains of the prediction, despite the algorithm is working, are only remarkably visible for the latest predicted points in the CSI window. For higher speeds, ZoH degrades faster but also prediction becomes less accurate as the channel coherence time window becomes narrower. Thus, there must be a trade-off with an optimal speed somewhere in the middle in which prediction still works well while ZoH degrades fast enough to allow experiencing more significant performance gains. We notice that at 20km/h, we may say that this is the optimal speed out of the set of 3 speeds chosen {10, 20, 30 km/h}, in which gain is the highest for  and . Also in Figure 8, we notice that for  and , mean UPT gains are quite reduced, however UE edge gains are still high. Results seems consistent considering that a realistic prediction model would have more difficulties to predict in longer predictions windows, which simply confirms that N4 must be chosen accordingly to the UE mobility conditions.
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[bookmark: _Ref146147390]Figure 8 Results with for  ()and   () with different UE speeds corresponding to 10, 20 and 30km/h.
For the Rel 18 Type-II codebook for medium/high speeds, we have in addition different configurations for P/SP-CSI-RS and AP-CSI-RS. This further increases the number of tests and alternatives that we might have to test.
A simple scenario with P/SP-CSI-RS for  () can be a feasible setup for requirement definition.

Non-zero coefficients selection and parameter combination
Let  for reference. Each layer is constrained to have a number of nonzero coefficients given by  for layer  with  [10]. Moreover, the total number of nonzero coefficients is reported and given by . In Figure 9 we depict the resulting set of nonzero coefficients after carrying out the Rel. 18 Type-II compression for 1 layer with  coefficients which are further reduced with the parameter  On the other hand, the size of the bitmap depends on the value of Q. In particular for Rel-16 eType-II-based extension, when the UE is configured with Q=2: for each layer, Basic feature: two 2-dimensional bitmaps, each of size-2LM reusing the legacy design for each of the two selected DD basis vectors, are used. In the case of Rel-17 FeType-II-based, we have N4=1, thus the legacy bitmap is used and Q is not included in the calculation. In addition, regarding the Rank indicator (RI) for this scheme, we may have a rank indicator restriction, which is configured from the network side to limit the maximum rank to be reported by the UE. This is used to limit the resulting bit overhead of the CSI report (see also Annex C: RAN1 Agreements for Rel. 18 Type II for high/medium speeds.)
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[bookmark: _Ref146144413]Figure 9.  Illustration of Rel. 18 e/Fe/Type-II CSI compression and the resulting bitmap size after the space-frequency compression in combination with the Doppler/Time domain codebook.
	Agreement (RAN1#112)
For the Type-II codebook refinement for high/medium velocities, 
· The constraint on the maximum number of non-zero coefficients (NZCs) per-layer (K0) is defined jointly across all Q DD basis vectors.
· Also support a constraint on the total number of non-zero coefficients (NZCs) summed across all Q DD basis vectors and across all layers:
· Following the legacy specification, the maximum total number is 2K0

Agreement (RAN1#112bis-e)
For the Type-II codebook refinement for high/medium velocities, regarding the bitmap(s) for indicating the locations of the NZCs, 
· When the UE is configured with Q=1: for each layer, one 2-dimensional bitmap of size-2LM reusing the legacy design is used
· When the UE is configured with Q=2: for each layer,
· Basic feature: two 2-dimensional bitmaps, each of size-2LM reusing the legacy design for each of the two selected DD basis vectors, are used

Agreement (RAN1#112bis-e)
For the Type-II codebook refinement for high/medium velocities,
· For Rel-16 eType-II-based: 
· For Rel-17 FeType-II-based:  
· Note:  and .


Besides , Q and δ already described, we must mention ,  and , which come from the legacy specifications.  corresponds to the number of selected beams out of the space compression represented by the DFT vectors in  . On the other hand, , where  is a coefficient used to control the number of selected frequency/delay taps of the DFT basis for frequency/delay compression, namely . Such number of frequency/delay taps are given by , for a layer where  corresponds to the number of subbands. Last but not least,  is a coefficient to reduce the number of non-zero coefficients selected to be part of , i.e.,  if =1, or >1, as already mentioned before. The new Rel. 18 Type-II codebook for high/medium velocities comes with new challenges to compress the additional bit overhead generated by >1 and more particularly the value of Q=2. For that reason, new configuration combinations for ,  and  were added to further reduce the number of coefficients for space-frequency compression to give some room to the additional coefficients appearing from the Doppler/Time compression [10] (see also the extract from TS 38.214 for Rel. 18 in Appendix B).
We have performed a sweeping of parameters for the PMI values L,  and  with fixed  and adaptive max-rank 2 [4]. In Figure 10 we provide the mean UE-UPT gain (%) and the UE cell edge- UPT gain (%) respectively. In order to set the speed of interest, we have used the best-case gain with  obtained from Figure 8, which corresponds to 20km/h.
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[bookmark: _Ref146744462]Figure 10 UE mean and cell edge-UPT gain of Rel 18 Type-II-Doppler at 20km/h for a P-CSI-RS with ,  and  . The same parameter combinations of Rel-16 Type-II are used. Red labels show the overhead increase over Rel-16 Type-II
As seen in the Figures there is a strong relationship between the space-frequency CSI compression parameters and the attainable gain. Major changes are observed by increasing the number of beams L, which is particularly noticeable for the transition from  to . Also   seems to play a big role enabling larger gains. For instance, the configurations with  3/4 but limited with   =1/4 does not attain higher gains than configuring  1/2 and  =1/4. In contrast, if we increase  enables higher performance gain but at the same time we may significantly increase the bit overhead. In general, and as expected, the increment of any of the parameters, L,  and  produces as a result an additional bit overhead of the CSI report. Notice that the bit overhead range goes from approximately ~160bits to up to nearly 500 bits. The increase of bit overhead is approximately between 52% to 65% more with respect to a legacy Rel 16 Type II (i.e. with ) configured to be updated at the same CSI periodicity. Accordingly, the performance gains in the observed range of bit overhead fluctuate between 4.5% to 8.5% for mean UE-UPT and from 13% to 30% for the UE cell edge UPT. From the results we may conclude that the CSI report with  and   =1/4 and , brings the best gain benefits with the most reasonable bit overhead budget ~330 bits. 
A CSI report configured with  and   =1/4 and  and rank adaptive max-rank 2 brings the best gain benefits with the most reasonable bit overhead budget ~330 bits.
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[bookmark: _Ref146261087]Figure  UE mean and cell edge-UPT gain of Rel 18 Type-II-Doppler at 20km/h for a P-CSI-RS with ,  and  . The same parameter combinations of Rel-16 Type-II are used. Red labels show the overhead increase over Rel-16 Type-II

UE assumptions for CQI calculation
Regarding the CQI calculation, some changes were made taking into account that the Rel-18 Type II codebook for high/medium velocities, when  , might imply more than one CQI as we have predicted PMIs. Finally in the agreements it was decided to have  CQIs in specific time slots positions as described below. 
	[bookmark: _Hlk146266098]Agreement (RAN1#112)
For the Rel-18 Type-II codebook refinement for high/medium velocities, regarding the time instance and/or PMI(s) in which a CQI is associated with, given the CSI reporting window WCSI (in slots), as well as the number of CQIs (=X) in one sub-band and one CSI reporting instance, support only the following:
· Basic feature: X=1 and the CQI is associated with the first/earliest slot of the CSI reporting window and the first/earliest of the N4 W2 matrices
· Optional features:
· X=1 and the CQI is associated with:
· the first/earliest slot of the CSI reporting window (slot l) and the first/earliest of the N4 W2 matrices, and 
· the last slot of the CSI reporting window (slot l+WCSI–1) and the N4-thW2 matrix
· X=2 and
· The 1st CQI is associated with the first/earliest slot of the CSI reporting window (slot l) and the first/earliest of the N4 W2 matrices, and 
· The 2nd CQI is associated with the middle slot of the CSI reporting window (slot l+WCSI/2) and the (N4 /2)-thW2 matrix



Some simulations were carried out to understand the possible degradation because of using  or  CQIs per subband [4]. Results are depicted in Figure 11. The MU-MIMO simulation setup of the CSI feedback is done with a P-CSI-RS scheme with , ,  and adaptive rank with Max-rank 2. The goal is to observe in a clearer way the impact of reducing the number of CQIs into the CSI report. As seen the degradation from reducing from N4 CQIs per Subband to only  or  CQIs is certainly negligible. Notice that we have tried in addition to use oversampling for Doppler domain in this experiment to see if there is some sort of impact or benefit on doing this. The gain is certainly also not very significant. The conclusion is that for a setup with UE mobility,  or  CQIs is enough. Having more CQI overhead may not help substantially.
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[bookmark: _Ref131677074]Figure 11 Results for the case with Rel. 18 Doppler/TD codebook at 10km/h ,  and  for different number of CQIs per subband and a given oversampling  in Doppler domain compression. Note that oversampling in Doppler domain is UE implementational.
For the Rel 18 Type-II codebook for medium/high speeds the impact of using  or  CQIs or even PMI is negligible.

Summary
To summarize we compile the following points:
· Rel. 18 Type-II codebook for high/medium velocities, makes it possible to account the effect of the CSI feedback delay and CSI aging.
· Several PMIs are needed in a distributed window.
· The Rel 18 Type-II codebook for high/medium speeds provides  PMIs in a distributed window.
· For higher speeds, CSI prediction becomes less accurate as the channel coherence time window becomes narrower.
· The Rel 18 Type-II codebook for medium/high speeds support N4>1 only with regular codebook (non precoded CSI-RS, i.e., Rel 16 enhanced Type II extension), and with the port specific version (Rel. 17 further enhanced Type II extension) it allows only N4=1. For these two cases different requirements should be considered
· Periodic/Semi Periodic-CSI-RS (P/SP-CSI-RS) and Aperiodic CSI-RS (AP-CSI-RS) schemes can be considered.
· PMI is associated with future slots which are located after the slot in which the CSI-RS is reported.
· CQI and RI will have to be valid for all PMIs. Each CSI report has a single RI and for CQI it support X=1 or 2 CQI for each PMI.
CQI:
CQI is relevant to doppler so is relevant to be considered for requirement definition.
It is possible to configure for reporting one or two CQI:
· Single CQI which is for the first slot in the first interval.
· Two CQI which is for the first slot in the first interval and first slot in the last interval.
· Two CQI which is for the first in the first slot and second is in the middle.
Basic feature is reporting a single CQI which would be used as minimum requirement (Two CQI setup is by UE capability).
For the basic feature (Minimum requirements) only difference is the CQI is associated with the 1st of the N4 reported PMI and the first slot of the CSI reporting window. Note that CQI will refer to a future timeslot and future PMI.
At this point we are not sure how to construct a test for CQI, if at all possible.

PMI:
As can be seen from the observations we have made, several test cases for PMI can be defined and it will be needed to agree on which case(s) to use for requirement definition. Further analysis will be required to determine which case(s) to continue with if decided to define requirements for PMI.

RI:
Since multiple PMI will be reported and only one RI will be reported based on the multiple PMI, the RI reporting will be different from legacy.
Based on our observations we see the following:
It is likely feasible to define CSI requirements (CQI,PMI,RI), however it is not a trivial task as there is significant differences to legacy Type II. Further study into how the specific tests can be constructed will be needed.
RAN4 to further discuss the feasibility of defining agreeable test cases for CSI reporting enhancement for high/medium UE velocities by exploiting Doppler-domain.

CSI acquisition for Coherent-JT
Scenario
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.
New CJT Type II extension in comparison to legacy scheme for Multiple TRP requires multiple CSI-RS resources assigned for each TRP.
One example of a downlink single-DCI multi-TRP system could be a 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 12 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.
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[bookmark: _Ref101350812]Figure 12. Example of single-DCI multi-TRP configuration with ideal backhaul with 4 RRH/TRPs. The total number of tx antenna ports is 32.

Resource setting & report quantity configuration
Each of the TRPs involved in the CJT corresponds to a set of (Non-Zero Power) NZP CSI-RS resources. The number of CSI-RS resources (i.e. or the number of TRPs) can be set up with ∈ {1,2,3,4}. The PMI is therefore a combination of the channel state information of the multiple . In addition, regarding the Rank indicator (RI) for this scheme, we may have a rank indicator restriction, which is configured from the network side to limit the maximum rank to be reported by the UE. This is used to limit the resulting bit overhead of the CSI report (see also Annex D : RAN1 Agreements for Rel 18 Type II for CJT).
	Agreement (RAN1#109-e)
The work scope of Type-II codebook refinement for CJT mTRP includes the following NZP CSI-RS (CMR) setups in Resource Setting associated with Rel-18 Type-II codebook for CJT
· Opt1: 1 NZP CSI-RS resource, max # ports = 32
· Opt2: K>1 NZP CSI-RS resources with the same number of ports (representing K TRPs)




Spatial domain Basis for Multiple TRPs
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 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 where the number of beams per TRP is 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.
Figure 13 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 13. Example of  selection for CJT with .  and . A UE selects  beams per RRH/TRP
Figure 14 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.
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[bookmark: _Ref101893449]Figure 14. Example of CJT Type-II codebook structure for  and , showing how the selected  beams per RRH/TRP combine to form 

SD basis for Rel 18 Type II CJT is extended by allowing an independent basis for each TRP, each with  beams. Legacy parameters for SD codebook definition, i.e., N1, N2, O1, and O2 are reused.
Frequency basis, codebook mode-1 and codebook mode-2
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 polarization common and Port Group/TRP common.
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 maximize 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 synchronized 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.
	[bookmark: _Hlk146229826]Agreement (RAN1#110bis-e)
For the Rel-18 Type-II codebook for CJT mTRP, support the following two modes:
· Mode 1: Per-TRP/TRP-group SD/FD basis selection which allows independent FD basis selection across N TRPs / TRP groups. Example formulation (N = number of TRPs or TRP groups): 

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




	Agreement (RAN1#110bis-e)
For the Rel-18 Type-II codebook for CJT mTRP based on the Rel-16 Type-II codebook, SD basis and FD basis are separate, each fully reusing the legacy Rel-16 DFT-based design.



	Agreement (RAN1#110bis-e)
The Rel-18 Type-II codebook for CJT mTRP comprises refinement of the following codebooks:
· Refinement of the Rel-16 eType-II regular codebook
· Refinement of the Rel-17 FeType-II port selection (PS) codebook, based on the same design details as the refinement of the Rel-16 eType-II regular codebook, except for the supported set of parameter combinations



On the Type-II codebook refinement for CJT mTRP, following legacy (Rel-16 regular eType-II and Rel-17 PS FeType-II), for a given CSI-RS resource:
· SD basis selection is layer-common and polarization-common, with N1, N2, O1, O2 defined per Rel-16 specification for refinement based on Rel-16 regular eType-II, and per Rel-17 specification for refinement based on Rel-17 PS FeType-II
· FD basis selection is 
· For refinement based on Rel-16 regular eType-II: per-layer with Mv, pv, N3, and R defined per Rel-16 specification
· For refinement based on Rel-17 PS FeType-II: layer-common with M, N3, and R defined per Rel-17 specification

In Rel 18 Type-II CJT SD basis are independent for each TRP, and each TRP selects independently Ln vectors from respective SD DFT-basis. Codebook mode-1 and mode-2 do the same for SD basis, but they are different on how to deal with the FD basis. The difference between mode-1 and mode-2 with the FD basis is: mode-1 takes into account the delay offset, while mode-2 does not.
· Mode 1: 
· Different  DFT-based SD (spatial domain) beams are selected for each selected CSI-RS resource 
· The same  DFT-based FD (frequency domain) vectors are reported for all  selected for CSI-RS resource
· A delay offset  is reported for the last  selected resources relative to the first
· Mode 2: 
· Basic codebook mode
· Different  DFT-based SD (spatial domain) beams are selected for each selected CSI-RS resource 
· The same  DFT-based FD (frequency domain) vectors are selected for all  selected CSI-RS resources
FD basis scheme with Mode 1 and Mode 2 might be used. It is expected that Mode 1 yields some gain of performance over Mode 2, because it takes into account delay offset. However Mode 2 is may be preferred due to reduced bit overhead.

W2 quantization and NZ coeff bitmap
In RAN1#110bis-e, the following working assumption was agreed on the number of reference amplitudes for the quantization of 
	Agreement (RAN 1 112bis-e)
On the Type-II codebook refinement for CJT mTRP, regarding W2 quantization group, for each layer:
· Support the following: (Alt1) One group comprises one polarization across all N CSI-RS resources (Cgroup,phase=1, Cgroup,amp=2)
· For the amplitude group other than the group associated with the SCI, the reference amplitude is reported
· Working assumption: Alt3 is supported in addition to Alt1 (to be confirmed in RAN1#111)
· (Alt3). One group comprises one polarization for one CSI-RS resource with a common phase reference across N CSI-RS resources (Cgroup,phase=1, Cgroup,amp=2N)
· For each of the (2N–1) amplitude groups (other than the group associated with the SCI), the reference amplitude is reported
If the support Alt3 in addition to Alt1 is confirmed, only one of the two schemes will be a basic feature for Ues supporting Rel-18 Type-II CJT codebook



The justification for supporting one reference amplitude per polarization per TRP was to account for the possible RSRP difference between TRPs in some scenario. However, Type-II-CJT already allows for the UE flexibility of dynamically select and report a subset  of the configured TRPs and exclude TRPs with large RSRP gap from the best TRP.
Besides, the gNB also has the flexibility of selecting a subset  of TRPs to configure for reporting from a larger set of cooperating TRPs and exclude TRPs that are known from previously reported measurements to have poor RSRP for a UE. Therefore, supporting more than two amplitude references, one per polarization across TRPs, seem unnecessary.
[bookmark: _Ref127557169]As the network has the flexibility of selecting a subset  of TRPs to configure for reporting, thus more than two amplitude references are unnecessary and one group comprising one polarization across all N CSI-RS resources is reasonable enough.

Parameter combinations
Due to the number of possible combinations regarding the number of selected beams per TRP Ln, it was determined that the parametrization could be simplified by linking the number of supported combinations for {Ln} with the corresponding list of supported values for .
	Agreement (RAN1#112)
On the Parameter Combination of Type-II codebook refinement for CJT mTRP, support linkage between the list of supported {Ln} combinations and list of supported {pv,b} combinations via pairing each combination for  with at least one combination for {Ln}, for each NTRP value.
· Note: While no additional codebook parameter will be introduced, the total number of SD basis vectors across CSI-RS resources can still be used as a criterion for choosing the supported pairs/linkage
 



For a value of , the following number of combinations of  and  are possible based on the above agreements, for a total of 92 combinations:
· : 3x6=18 - combinations 
· : 4x6=24 - combinations
· : 5x6=30 - combinations
· : 4x5=20 - combinations
The target is to reduce the number of combinations  to a maximum of 8 per  value, which is the maximum number of parameter combinations supported in Rel16 Type-II. To do so we select the combinations with the most favourable trade-off between average UPT and overhead, with consideration to the fact that if similar trade-off is achieved by two combinations with different , the combination with the smaller total number of SD beams is favoured because of the lower UE complexity. 
The selection of - combinations is based on the best trade-off between average UPT and overhead, with consideration to the fact that if similar trade-off is achieved by two combinations with different , the combination with the smaller total number of SD beams is favoured because of the lower UE complexity.
For Type-II-CJT parameter combinations, support the combinations in Table 1:
[bookmark: _Ref131627720]Table 1. Type-II-CJT: parameter combinations
	
	SD combo
	FD combo 

	
	
	{1/8, 1/8, 1/16, 1/16}, ¼
	{1/8, 1/8, 1/16, 1/16}, ½ 
	{1/4, ¼, 1/8, 1/8}, ¼ 
	{1/4, ¼, 1/8, 1/8}, ½ 
	{1/4, ¼, ¼, ¼}, ¾ 
	{1/2, ½, ½, ½}, ½ 

	1
	2
	X
	X
	
	
	
	

	
	4
	
	X
	
	X
	
	X

	
	6 w/ restriction
	
	
	
	X
	X
	

	2
	{2,2}
	X
	X
	
	
	
	

	
	{2,4}
	
	X
	X
	X
	
	X

	
	{4,2}
	
	
	
	
	
	

	
	{4,4}
	
	
	
	
	X
	

	3
	{2,2,2}
	X
	X
	
	
	
	

	
	{2,2,4} 
	
	X
	X
	X
	
	X

	
	{2,4,2}
	
	
	
	
	
	

	
	{4,2,2}
	
	
	
	
	
	

	
	{4,4,4}
	X
	
	
	
	
	

	4
	{2,2,2,2}
	X
	X
	
	
	
	N/A

	
	{2,2,2,4} 
	
	X
	
	X
	
	N/A

	
	{2,2,4,4} 
	
	
	X
	
	
	N/A

	
	{4,4,4,4}
	
	
	
	
	X
	N/A



We simulated scenario Outdoor 2A – DU of the agreed EVM assumptions at 2GHz, with 16 ports per TRP, mode-2 and rank adaptation with maximum rank 2 (as shown in Figure 15). A UE also selects  TRPs to report. Note that the average and cell-edge UPT gains are plotted with reference to the combination:  and combination , . The feedback overhead is calculated by averaging the actual reported overhead over all drops and UEs, rather than calculating the maximum overhead for .
For the configuration with  and SD combinations  and , we assume the network configures both permutations, i.e., , such that a UE assigns 4 SD beams to the TRP with the largest RSRP, by selecting one of the two configured permutations. Similarly, for  and SD combinations  and , we assume the gNB configures all 3 permutations together with . However, for , and SD combination  there are 4 possible permutations in total but only one can be configured, hence we assume that the gNB has prior knowledge of the TRP RSRP values and it transmits the CSI-RS resource with the highest index from the TRP with the largest RSRP. Similarly, for , and SD combination , there are 6 possible permutations in total but only one can be configured, hence we assume that the gNB transmits the 2 CSI-RS resources with the highest index from the two TRPs with the largest RSRP. We believe this explains why the configuration with a single  achieves most of the UPT gain of the combination with  for all , but with smaller overhead and complexity. For , we note that, with 16 ports per TRP, the combinations with  achieve similar UPT-overhead trade-off as with . Therefore, we propose to keep the same restrictions and supported combinations as for Rel16, with  applicable only for 32 ports. The system-level simulation results for 2 and  4 are reported as examples shown below (cf., Error! Reference source not found., Error! Reference source not found., Figure 18 and Figure 19). The results of 1,3 and 4 could be referred to [4].
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Figure 15 : Outdoor 2A, intra- or inter-site, ISD = 200m
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Figure 16. Trade-off between average UPT gain and mean feedback overhead for scenario outdoor 2A, with DU channel model.  with 16 ports per TRP. Mode-2 and rank adaptation with max rank 2.
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Figure 17. Trade-off between cell-edge UPT gain and mean feedback overhead for scenario outdoor 2A, with DU channel model.  with 16 ports per TRP. Mode-2 and rank adaptation with max rank 2.
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[bookmark: _Ref131765220]Figure 18. Trade-off between average UPT gain and mean feedback overhead for scenario outdoor 2A, with DU channel model.  with 16 ports per TRP. Mode-2 and rank adaptation with max rank 2. For the cases  and , gNB is assumed to transmit CSI-RS resource(s) of highest index(es) from the one or two strongest TRP(s), respectively.
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[bookmark: _Ref131762572]Figure 19. Trade-off between cell-edge UPT gain and mean feedback overhead for scenario outdoor 2A, with DU channel model.  with 16 ports per TRP. Mode-2 and rank adaptation with max rank 2. For the cases  and , gNB is assumed to transmit CSI-RS resource(s) of highest index(es) from the one or two strongest TRP(s), respectively.



Based on the parameter combinations for different number of  ,  and , for a given  the combination with lower  are preferred to due to lower UE complexity. From the performance test point of view, the best is to consider the case with  which might narrow down  to the fewest number of combinations.

CQI Assumptions
PDSCH signal on antenna ports in the set [1000,…,1000+-1] for  layers would result in signals equivalent to corresponding symbols transmitted on antenna ports [3000,…,3000+-1] of each of the  selected CSI-RS resources, as given by
[image: ]
· Full overlap in time and frequency of the signals , 
· A UE can assume that the PDSCH signals for  layers transmitted on the  antenna ports of CSI-RS resource  would have the same ratio of EPRE to CSI-RS EPRE for all , equal to the powerControlOffset of the respective CSI-RS resource
· NW could configure 2 TRPs with one Pc ratio and 2 TRPs with another Pc ratio. A UE may have an implementation that allows PMI calculation conditioned on different Pc ratios per TRPs and could select any combination of N=1,2,3,4 TRPs for reporting. Another UE that does not calculate PMI conditioned on different Pc ratios, would have an implicit selection restriction to either N=1 or only two combinations of N=2, to ensure that the selected TRPs have the same Pc ratio and maintain orthogonality between layers.

For PMI and CQI calculation power ratios of the multiple N TRP is very important to be taken into account for proper selection of the  and the reliability of the calculated joint CJT PMI/CQI.

Summary
In the following we will summarize the impact on performance and CSI requirements with relation to sDCI CJT and provide our view on which performance and CSI requirements for sDCI CJT to prioritize.

For performance requirements we see the following:
PDSCH
The feature of sDCI with Coherent Joint Transmission is new and expected to provide performance improvements which are easily measurable. The main difference going from NCJT to CJT is that all TRPs will transmit the same layers, hence improve the UE joint detection.
We see it feasible to define PDSCH requirements for sDCI CJT. Using a minimum setup of 2 TRPs will be enough to define minimum requirements.
We see it feasible and relevant to define PDSCH requirements for sDCI CJT using 2 TRPs.
Define PDSCH performance requirements for sDCI CJT. Further discuss how specific test cases can be designed with focus on a 2 TRP setup.
PDCCH
CJT only applies to PDSCH. Only one TRP will transmit the PDCCH for sDCI and in any case UE will have no knowledge if the PDCCH comes from multiple TRPs.
For performance requirements, CJT only applies to PDSCH. Still, it should be feasible to define PDCCH requirements, however we see it having low priority.
If time permits, further analyse feasibility of defining PDCCH requirements for sDCI CJT.
PBCH
Similar arguments as for PDCCH can be applied to PBCH.
If time permits, further analyse feasibility of defining PBCH requirements for sDCI CJT.

For CSI requirements we see the following:
CQI
The Main difference for sDCI CJT compared to legacy CQI is the transmission comes jointly from multiple TRPs which requires multiple CSI-RS resources assigned for each TRP. We see it likely not needed to define CQI requirements for sDCI, however it would be prudent to evaluate further if CQI requirement are feasible to be defined before making a final decision.
We see it not likely that CQI requirements for sDCI CJT are needed, however it should be evaluated further before deciding whether to define requirements or not.
Further evaluate the feasibility of defining CQI requirements for sDCI CJT. Focus on a 2 TRP setup.

PMI
PMI calculation for CJT sDCI is now done across more CSI-RS resources, hence new requirements will be needed (up to 4 different resources can be used). UE can select a subset for reporting by ue capability however the basic feature is the UE reports for all configured TRPs. Basic feature is only mode2 where UE reports the same set of frequency domain vector components for all TRPs. Each TRP has its own special set of spatials beams.
PMI calculation for CJT sDCI is done across more CSI-RS resources which is new compared to legacy PMI, hence we see it important to define requirements for PMI. Basic mandatory feature is mode2, where UE reports the same set of frequency domain vector components.
Define PMI requirements for sDCI CJT with focus on 2 TRP setup. Further discuss how specific test cases can be designed.

RI
For RI similar observations can be done as for CQI.
We see it not likely that RI requirements for sDCI CJT are relevant, however it should be evaluated further before deciding whether to define requirements or not.
Further evaluate the feasibility of defining RI requirements for sDCI CJT. Focus on a 2 TRP setup.

[bookmark: _Toc116995848]Conclusion
[bookmark: _Toc116995849]Within this contribution we discuss the demodulation requirements for MIMO evolution with focus on TDCP, CSI reporting when exploiting Doppler-domain and CSI acquisition for Coherent Joint Transmission (CJT)
In the contribution we have the following observations and proposals:

CSI reporting enhancement for high/medium UE velocities by exploiting time-domain correlation
1. TDCP is calculated as the normalized time correlation function from 2 or more channel measurements estimated based on TRS.

1. Choice of a method of TDCP calculation can influence the reported TDCP measurements. In addition, TDCP reports are a set of complex values (of length Y) that the UE reports as amplitude and phase.
TDCP quantization
RAN1 has defined 4-bit non-uniform quantization of TDCP amplitude coefficients, and 4-bit uniform quantization of phase coefficients.
Possible TDCP configurations for performance tests
Both phase and angle of TDCP are useful for determining UE mobility.
Summary
TDCP does not directly change the system performance (e.g., mean or cell edge throughput) without specifying use case and scenario description. TDCP feature does not influence PDSCH performance directly and does not influence PDCCH. PBCH, CQI, PMI or RI requirements.
RAN4 RRM decided to further identify feasibility of methodology and test setup to define TDCP accuracy requirements.
As none of the existing requirement types in 38.101-4 are relevant for TDCP, a new type of CSI requirement would need to be introduced for accuracy reporting for Time Domain Channel Properties (TDCP).
1. Do not define PDSCH, PDCCH, PBCH, CQI, PMI or RI requirements for TDCP. Keep decision on defining new testcase and requirements for TDCP accuracy reporting FFS pending outcome of RRM feasibility study.

CSI reporting enhancement for high/medium UE velocities by exploiting Doppler-domain
Basic description
The Rel 18 Type-II codebook for medium/high speed performance depends substantially on the channel conditions and the values of CSI-RS period  and the channel coherence time .
The Rel 18 Type-II codebook for high/medium speeds provides  PMIs in a distributed window WCSI = dN4, which is a significant change with respect to legacy Type-II. Choice of the length WCSI must be carefully done in combination with the CSI periodicity  and the channel dynamics for the UE.
Codebook numerology
The Rel 18 Type-II codebook requires proper configuration of N4 and δ for having a specific performance depending on the channel conditions.
CSI Compression Scheme
The Rel 18 Type-II codebook for medium/high speeds support N4>1 only with regular codebook (non precoded CSI-RS, i.e., Rel 16 enhanced Type II extension) and with the port specific version version (Rel. 17 further enhanced Type II extension) it allows only N4=1. For these two cases different sets of requirements should be considered.
Channel State information Reference Signals (CSI-RS)
For the Rel 18 Type-II codebook for medium/high speeds, we have in addition different configurations for P/SP-CSI-RS and AP-CSI-RS. This further increases the number of tests and alternatives that we might have to test.
A simple scenario with P/SP-CSI-RS for  () can be a feasible setup for requirement definition.
Non-zero coefficients selection and parameter combination
A CSI report configured with  and   =1/4 and  and rank adaptive max-rank 2 brings the best gain benefits with the most reasonable bit overhead budget ~330 bits.
UE assumptions for CQI calculation
For the Rel 18 Type-II codebook for medium/high speeds the impact of using  or  CQIs or even PMI is negligible.
Summary
It is likely feasible to define CSI requirements (CQI,PMI,RI), however it is not a trivial task as there is significant differences to legacy Type II. Further study into how the specific tests can be constructed will be needed.
RAN4 to further discuss the feasibility of defining agreeable test cases for CSI reporting enhancement for high/medium UE velocities by exploiting Doppler-domain.

CSI acquisition for Coherent-JT
Scenario
New CJT Type II extension in comparison to legacy scheme for Multiple TRP requires multiple CSI-RS resources assigned for each TRP.
Spatial domain Basis for Multiple TRPs
SD basis for Rel 18 Type II CJT is extended by allowing an independent basis for each TRP, each with  beams. Legacy parameters for SD codebook definition, i.e., N1, N2, O1, and O2 are reused.
Frequency basis, codebook mode-1 and codebook mode-2
FD basis scheme with Mode 1 and Mode 2 might be used. It is expected that Mode 1 yields some gain of performance over Mode 2, because it takes into account delay offset. However Mode 2 is may be preferred due to reduced bit overhead.
W2 quantization and NZ coeff bitmap
As the network has the flexibility of selecting a subset  of TRPs to configure for reporting, thus more than two amplitude references are unnecessary and one group comprising one polarization across all N CSI-RS resources is reasonable enough.
Parameter combinations
Based on the parameter combinations for different number of  ,  and , for a given  the combination with lower  are preferred to due to lower UE complexity. From the performance test point of view, the best is to consider the case with  which might narrow down  to the fewest number of combinations.
CQI Assumptions
For PMI and CQI calculation power ratios of the multiple N TRP is very important to be taken into account for proper selection of the  and the reliability of the calculated joint CJT PMI/CQI.
Summary - Performance requirements
We see it feasible and relevant to define PDSCH requirements for sDCI CJT using 2 TRPs.
Define PDSCH performance requirements for sDCI CJT. Further discuss how specific test cases can be designed with focus on a 2 TRP setup.
For performance requirements, CJT only applies to PDSCH. Still, it should be feasible to define PDCCH requirements, however we see it having low priority.
If time permits, further analyse feasibility of defining PDCCH requirements for sDCI CJT.
If time permits, further analyse feasibility of defining PBCH requirements for sDCI CJT.
Summary - CSI Requirements 
We see it not likely that CQI requirements for sDCI CJT are needed, however it should be evaluated further before deciding whether to define requirements or not.
Further evaluate the feasibility of defining CQI requirements for sDCI CJT. Focus on a 2 TRP setup.
PMI calculation for CJT sDCI is done across more CSI-RS resources which is new compared to legacy PMI, hence we see it important to define requirements for PMI. Basic mandatory feature is mode2, where UE reports the same set of frequency domain vector components.
Define PMI requirements for sDCI CJT with focus on 2 TRP setup. Further discuss how specific test cases can be designed.
We see it not likely that RI requirements for sDCI CJT are relevant, however it should be evaluated further before deciding whether to define requirements or not.
Further evaluate the feasibility of defining RI requirements for sDCI CJT. Focus on a 2 TRP setup.
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Appendix A - SLS assumptions for Type-II-Doppler
Table 2
	Parameter
	Value

	Duplexing 
	FDD

	Scenario
	Dense Urban


	Carrier frequency
	2GHz

	Inter-BS distance
	200m 

	BS antenna configuration
	16TX: (8,4,2,1,1,2,4)
100 mechanical elevation tilt

	UE antenna configuration
	4RX: (1,2,2,1,1,1,2)

	BS Tx power 
	41 dBm

	BS antenna height 
	25m 

	SCS 
	15kHz 

	Number of RBs
	52

	Simulation bandwidth 
	10 MHz

	DL MIMO
	Max Rank-2 MU-MIMO

	CSI feedback
	Rel-16 Type-II, default setup: N1=4, O1=4, N2=2, O2=4, L=4, 
, N3=13, Q=2 , N4={4,8}

	Traffic model
	FTP Model 1

	UE distribution
	100% outdoor

	UE speed
	10//20/30 km/h

	UE receiver
	Nonideal 4Rx MMSE

	CSI-RS period
	5ms respectively for each of the UE speeds.

	Channel prediction parameters
	 or 




Appendix B - SLS assumptions for Type-II-CJT
Table 3
	Parameters
	Scenarios

	
	Outdoor 1
	Outdoor 2A, intra-site
	Outdoor 2A, inter-site

	Inter-site distances
	1.7 km
	200 m
	200 m

	Carrier frequencies
	0.7 GHz
	2 GHz
	2 GHz

	Channel type
	RMa
	DU
	DU

	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,Mp,Np) = (8,2,2,1,1,1,2)
100 mechanical elevation tilt
	4 ports: (M,N,P,Mg,Ng,Mp,Np) = (8,2,2,1,1,1,2)
16 ports: (M,N,P,Mg,Ng,Mp,Np)  = (8,4,2,1,1,2,4)
100 mechanical elevation tilt
	16 ports: (M,N,P,Mg,Ng,Mp,Np) = (8,4,2,1,1,2,4)
100 mechanical elevation tilt

	UE Distribution
	100% outdoor 
	100%, 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
	4 TRPs (intra-sector),
12 TRPs (inter-sector)
	3 TRPs
	9 TRPs

	CJT reporting set size ()
	Up to 4 TRPs, gNB configured
	Up to 3 TRPs, gNB configured
	Up to 4 TRPs, gNB configured



Appendix C - RAN1 Agreements for Rel 18 Type II for high/medium speeds.
Codebook numerology:
	Agreement (RAN1#111)
For the Type-II codebook refinement for high/medium velocities, the parameter N4 (length of DFT vector, unit-less) is gNB-configured via higher-layer (RRC) signalling at least from the following set of candidate values: {1, 2, 4} 

Agreement (RAN1#111)
For the Type-II codebook refinement for high/medium velocities, regarding the parameter N4 (length of DFT vector, unit-less), support 8 as an additional candidate value




	Agreement (RAN1#111)
For the Type-II codebook refinement for high/medium velocities, the parameter δ (in slots) is gNB-configured via higher-layer (RRC) signalling from a set of the following candidate values:
· First candidate value: δ=0, 
· 2 additional non-zero values of parameter δ are supported
Agreement (RAN1#111)
For the Type-II codebook refinement for high/medium velocities, regarding the parameter δ (in slots), support the additional value of 2
Agreement (RAN1#112)
For the Type-II codebook refinement for high/medium velocities, regarding the parameter δ (in slots), in addition to 0 and 2, δ=1 is additionally supported



	Agreement (RAN1#110bis-e)
For the Type-II codebook refinement for high/medium velocities, the selection of DD basis vectors is layer-specific
· The number of selected DD basis vector (denoted as Q) is layer-common 
Agreement (RAN1#111)
For the Type-II codebook refinement for high/medium velocities, for N4>1, regarding the parameter Q, at least Q=2 is supported. 
Conclusion (RAN1#112)
For the Type-II codebook refinement for high/medium velocities, for N4>1, regarding the parameter Q, there is no consensus in supporting additional candidate values



CSI-RS reference signals:
	Agreement (RAN1#110bis-e)
On the CSI reporting and measurement for the Rel-18 Type-II codebook refinement for high/medium velocities, support the following CSI-RS resource types/structures for CMR:
· Time-domain behaviour for NZP CSI-RS resource: periodic (P), semi-persistent (SP), aperiodic (AP)
Agreement (RAN1#110bis-e)
On the CSI reporting and measurement for the Rel-18 Type-II codebook refinement for high/medium velocities, support the following CSI-RS resource types/structures for CMR, support the following: 
· Support K>1 NZP CSI-RS resources, received via a single triggering instance, for aperiodic (AP) CSI-RS-based channel measurement in a same CSI-RS resource set where the separation between 2 consecutive AP-CSI-RS resources is m slot(s)
Agreement (RAN1#111)
For the Type-II codebook refinement for high/medium velocities, the parameter m (offset between two AP-CSI-RS resources for the CMR, in slots) is gNB-configured via higher-layer (RRC) signalling from the following set of candidate values: {1, 2}

Agreement (RAN1#111)
For the Type-II codebook refinement for high/medium velocities, the parameter K (the number of AP-CSI-RS resources for the CMR) is gNB-configured via higher-layer (RRC) signalling at least from the following set of candidate values: {4, 8}
Agreement (RAN1#112)
For the Type-II codebook refinement for high/medium velocities, regarding the parameter K (the number of AP-CSI-RS resources for the CMR), optionally support only K=12 as an additional candidate value


Parameter combinations:
Extract from TS 38.214 regarding parameter combinations for Rel 18 Type II Doppler codebook:
	-	The UE is not expected to be configured with paramCombination-Doppler-r18 equal to
-	4, 5, 6, 7, 8, or 9 when ,
-	8 or 9 when 
-	8 or 9 when higher layer parameter typeII-Doppler-RI-Restriction-r18 is configured with  for any .
-	8 or 9 when .
Table 5.2.2.2.10-1: Codebook parameter configurations for   and 
	paramCombination-Doppler-r18
	
	
	

	
	
	
	
	

	1
	2
	1/8 
	1/16 
	¼ 

	2
	2
	¼ 
	1/8
	½ 

	3
	4
	¼ 
	1/8 
	¼ 

	4
	4
	¼ 
	¼ 
	¼ 

	5
	4
	¼ 
	¼ 
	½ 

	6
	4
	¼ 
	¼ 
	¾

	7
	4
	½ 
	¼ 
	½ 

	8
	6
	¼ 
	- 
	½ 

	9
	6
	¼ 
	-
	¾ 



-	The value of  is configured with the higher-layer parameter numberOfPMI-SubbandsPerCQI-Subband-Doppler-r18, where  and the corresponding value of  are defined as in clause 5.2.2.2.5.
-	The UE shall report the RI value  according to the configured higher layer parameter typeII-Doppler-RI-Restriction-r18. The UE shall not report . The bitmap parameter typeII-Doppler-RI-Restriction-r18 forms the bit sequence  where  is the LSB and  is the MSB. When  is zero, , PMI and RI reporting are not allowed to correspond to any precoder associated with  layers.



Appendix D - RAN1 Agreements for Rel 18 Type II for CJT.
Resource settings:
Extract from TS 38.214 regarding resource configuration for Rel 18 Type II CJT codebook.
	· The value of  is configured with the higher-layer parameter valueOfN-CJT-r18, when .
· If interference measurement is performed on CSI-IM, only one resource is configured in the corresponding csi-IM-ResourcesForInterference. If interference measurement is performed on NZP-IMR, only one resource is configured in the corresponding nzp-CSI-RS-ResourcesForInterference.
· The value of  is configured with the higher-layer parameter numberOfPMI-SubbandsPerCQI-Subband-CJT-PS-r18, when , and  when , where  and the corresponding value of  are defined as in clause 5.2.2.2.5.
· The UE shall report the RI value  according to the configured higher layer parameter typeII-CJT-PS-RI-Restriction-r18. The UE shall not report . The bitmap parameter typeII-CJT-PS-RI-Restriction-r18 forms the bit sequence , where is the LSB and  is the MSB. When  is zero, , PMI and RI reporting are not allowed to correspond to any precoder associated with  layers.
· The UE may be configured with higher layer parameter restrictedCMR-Selection. If restrictedCMR-Selection is configured, the number of selected CSI-RS resources is . Otherwise, the UE is expected to select  CSI-RS resources, with , and the selection is reported with an -bit bitmap, , where the CSI-RS resources are mapped from bit  to bit  by their ordering in the resource set and the first of the  selected CSI-RS resources corresponds to the nonzero bit with lowest index.
· UE is configured with ∈ {1,2,3,4} CSI-RS resources (with up to 32 ports each) in a resource set for channel measurement.


Parameter combinations:
	Agreement (RAN1#112)
On the Type-II codebook refinement for CJT mTRP, for Rel-16-based refinement, support at least the following combinations of {Ln} for the higher-layer-configured value of NTRP

	NTRP
	{Ln} combination

	1
	{2}

	
	{4}

	
	{6} (analogous to legacy, only for total # ports =32, rank 1-2, R=1

	2
	{2,2}

	
	{2,4}, [{4,2}]

	
	{4,4}

	3
	{2,2,2}

	
	{2,2,4} [and its other permutations]

	
	{4,4,4}

	4
	{2,2,2,2}

	
	{2,2,2,4} [and its other permutations]

	
	{2,2,4,4} [and its other permutations]

	
	{4,4,4,4}






	Agreement (RAN1#112)
On the Type-II codebook refinement for CJT mTRP, for Rel-16-based refinement, regarding the list of supported combinations of {Ln}, only support the following additional combinations:

	NTRP
	{Ln} combination

	2
	{4,2}

	3
	{2,4,2}, {4,2,2}



No other permutations are supported.



	Agreement (RAN1#112)
On the Type-II codebook refinement for CJT mTRP, for Rel-16-based refinement, support at least the following combinations of {pv,b} from where the value of {pv,b} is gNB-configured via higher-layer (RRC) signaling:

	 for layers 1-4
	
	Condition(s) 

	{1/8, 1/8, 1/16, 1/16}
 
	¼ 
	--

	
	½ 
	--

	{1/4, ¼, 1/8, 1/8}
	¼ (*)
	--

	
	½ (*)
	--

	{1/4, ¼, ¼, ¼}
	¾ (*) 
	--

	{1/2, ½, ½, ½}
	½ 
	- Only applicable when NTRP≤3 and NL=1
- Optional



(*) Supported by legacy Rel-16 
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