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Introduction 
In RAN#94-e, the following objectives related to CSI enhancements were approved as a part of the Rel- 18 WID.
	Objectives
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:
· 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

2. 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




In this contribution, we provide our views on the CSI enhancements for both high/medium velocity UEs and coherent joint transmission (C-JT). 
CSI enhancements for medium velocity UEs
The following discussion relates to the  objective
“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:
· Rel-16/17 Type-II codebook refinement, without modification to the spatial and frequency domain basis”

5G NR codebooks that have been specified so far until Rel. 17 mainly focuses on the pedestrian UEs scenarios. For fast moving UEs, the channel between the BS and the UE changes rapidly. As a result, Doppler shift and Doppler spread increases resulting in a reduced channel coherence time which in turn results in a drastic performance loss if Rel-15, Rel-16, and Rel-17 Type II codebooks are used. One way to overcome this problem is to increase the CSI update rate via more frequent CSI reporting and measurements. However, this has the disadvantage that enormous DL and UL resources are utilized and also results in high complexity at the UE due to increased number of channel measurements and PMI calculations. 
Another way to overcome this problem is to exploit Doppler-domain information of the channel in the CSI reporting to predict the future channel behavior. In [2], time-delay spectrum and delay-Doppler spectrum for different UE mobility scenarios are shown. By observing the channel variations in both time-delay spectrum and delay-Doppler spectrum, it was shown that the channel remains invariant for a longer time interval in the delay-Doppler spectrum compared to the time-delay-spectrum. The time interval over which the channel remains constant in the delay-Doppler spectrum is several folds higher than the coherence time Therefore, by incorporating the Doppler-domain information in Type II CBs, the need for frequent CSI updates can be alleviated as the delay-Doppler spectrum remains invariant for a longer time interval. 
CSI measurements
For the codebooks specified in 5G NR to date, the UE calculates the PMI on a single-shot CSI-RS transmission transmitted in a single slot and then reports the same to the BS. However, such a single-shot CSI-RS transmission is not sufficient to capture the Doppler-domain information, and hence a multi-shot CSI-RS transmission spread over several slots is needed. Based on the current specification, such a multi-shot CSI-RS transmission can be realized using semi-persistent (SP) CSI-RS transmission. According to the current specification [3], SP CSI-RS can be transmitted every N slots, where the possible values of N are {4, 5, 8, 10, 20, 32, 40, 64, 80, 160, 320, 640}. For the UE to accurately calculate the Doppler information, the sampling theorem must be satisfied between two CSI-RS transmissions. For a center frequency of 2 GHz and for a sub-carrier spacing of 15 KHz, a maximum UE speed of 68 km/h can be supported for the smallest value of  i.e., . In order to support higher speeds, some design changes need to be incorporated in the CSI-RS framework which might need some efforts. However, due to time constraints in Release 18 MIMO WI, it is beneficial to utilize available SP CSI-RS with the given periodicity values as supported by the specification. Therefore, the WID objective regarding CSI enhancement for high/medium speeds may be limited to medium UE speeds. Note that already at medium speeds, drastic performance loss with Rel. 16 Type II CB is observed [3]. 
Observation 1: Current specification would support multi-shot CSI-RS for exploiting time-domain correlation/Doppler-domain information for medium UE speeds without any modifications to the CSI-RS framework. 
Observation 2: In order to accurately calculate the Doppler information, the periodicity of the CSI-RS transmission must satisfy the sampling theorem. 
Observation 3: Current specification supports UE speeds up to 68 km/h for a center frequency of 2 GHz and subcarrier spacing of 15 KHz. 
Codebook refinements for CSI enhancement for high/medium speeds
The Type II Rel. 16/17 codebook structure is given by , where  is an matrix comprising spatial domain DFT basis vectors,  is a matrix comprising lup to  non-zero precoder coefficients, and  is a  matrix comprising  frequency domain DFT  basis vectors. Each precoder coefficient is associated with an angle-delay pair. The  spatial domain DFT basis vectors are selected from a 2D-DFT matrix of size  and the  delay domain DFT basis vectors are selected from a DFT matrix of size , where  is the number of sub-bands. 
[image: A picture containing diagram

Description automatically generated]
Figure 1: Enhanced Type II codebook structure with spatial, frequency and time domain basis.

Using Rel. 16/17 Type II CB structure as a baseline, the Doppler information can simply be incorporated by extending the precoder equation to the time domain. For this, an additional codebook component is used for determining the Doppler components. The extended codebook or precoder can be expressed a function of  and  as illustrated in Figure 1. Here,  is a matrix comprising spatial domain DFT basis vectors,  is a  matrix comprising  frequency domain DFT basis vectors,  is a  matrix comprising  time domain basis vectors, and  is a  matrix comprising  precoder coefficients. Here,  refers to the number of CSI-RS separated in time used for the CSI measurements. For each spatial beam, M coefficients are calculated, and each coefficient is associated with a frequency domain DFT basis vector selected from  and a time domain basis vector selected from . 
The enhanced Type II CB can be expressed as , where  is a  matrix that comprises  basis vectors, each basis vector being a Kronecker product of a frequency domain basis vector and a time domain basis vector associated with each precoder coefficient. 
According to the WID, CB enhancements for high/medium UE speeds must retain the spatial domain basis and frequency domain basis. As a result, like for the Rel. 16 CB,   is determined from a 2D-DFT based codebook and  is determined from a DFT based codebook. As DFT based codebooks are used for both spatial and frequency domain basis, it is natural to consider a DFT based codebook for the time domain basis as well. 
Proposal 1: DFT-based basis set for the time domain basis of the codebook can be considered. 
In addition to the ,  and  reporting, for the enhanced CB, the selected time domain basis i.e.,  shall also be reported to the gNB. Based on the received PMI, the gNB reconstructs the precoder  using the spatial, frequency, time domain basis and the corresponding coefficients of the  matrix. In addition, extrapolation or prediction of the channel/precoder to  future time instances can be performed by the gNB. The extrapolation or prediction involves length  DFT vectors associated with the Doppler components for reconstructing the precoder with . 
Observation 4: Extrapolation or prediction of the precoder to  future time instances can be performed by the gNB as it involves replacing the length  DFT basis vector by a length  DFT basis vector associated with the Doppler components/shifts. 
In order to accurately predict the precoder for  future instances, oversampling of the delay and the Doppler components may be needed. As the CSI enhancements are to be evaluated for high/medium speeds that involves precoder or channel prediction, high-resolution Doppler or delay information might result in an enhanced performance. For this reason, oversampling for the frequency domain basis and time domain basis can be studied. 
Observation 5: Oversampling of Doppler and delay components may result in performance enhancements. 
Proposal 2: Study oversampling for both frequency and time domain basis of the codebook. 
Evaluation methodology
Since the WID objective is to exploit time-domain correlation/Doppler-domain information of the channel, channel models supporting spatial consistency shall be used for the evaluations as the channels between different or same UEs that lie within a certain range have to be correlated. The channel model in TR 38.901 supports spatial consistency and can be used for evaluating the CSI enhancements. 
Observation 6: Channel models with spatial consistency are required to evaluate the time-domain correlation/Doppler-domain information-based CSI enhancements. 
Proposal 3: For performance evaluations, it is proposed to use the channel model supporting spatial consistency in TR 38.901. 
For preliminary evaluations, the spatial consistent channel model in TR 38.901 is used. Like in a drop-based model, the UEs are dropped randomly in a cell and each UE is assigned a linear track. It is also considered that the UEs are moved in random directions, i.e., each UE is assigned a random angle that determines the direction of motion. A constant speed of 20 km/h is assumed for all UEs. The simulation parameters are shown in Table 1. The performance and feedback overhead of the Type II Rel. 16 CB with parameter combination 5 and the enhanced Type II CB with two Doppler components is compared for rank 1/2 transmissions.  For the Rel. 16 CB, a single shot CSI-RS is used with a periodicity of 5 ms, whereas for the enhanced Type II CB, a multi-shot CSI-RS transmission with four consecutive CSI-RSs is used and the PMI is updated for every 10 ms. A feedback delay of 4 ms is assumed for both CBs. For the enhanced CB, the amplitude and phase of the precoder coefficients are quantized with 4 bits each. From the simulation results shown in Fig. 2, the enhanced Type II CB with two Doppler domain components outperforms the Rel. 16 Type II CB by a large margin in terms of both performance and feedback overhead.  
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Figure 2: Performance gain and feedback comparison of Type II Rel. 16 CB and enhanced Type II CB. 

Observation 7: Enhanced Type II CB with Doppler domain information outperforms Rel. 16 Type II CB in terms of performance and feedback overhead. 

Rel-16/17 Type-II codebook refinement for C-JT targeting FDD
For coherent transmission from multiple geographically separated TRPs or RRHs, it is assumed in the WID that the TRPs/RRHs are well synchronized in time and frequency as well as that phase and amplitude of their antenna arrays are calibrated, so that the UE can coherently combine the data streams or multiple layers simultaneously transmitted from the TRPs/RRHs. For CSI reporting for C-JT based Rel-16/17 Type-II codebooks, some codebook-refinements are needed which are discussed more in detail in the following. Two different options are proposed. In a first option, it is assumed that the UE determines a precoder for the antenna ports of each TRP/RRH. This means, the spatial- and frequency-domain components of the codebook are determined according to the Rel. 16/17 Type-II codebook per TRP/RRH. In addition, a combining matrix is used to combine individual TRP/RRH precoders across the antenna ports of all TRPs/RRHs. Such a combining matrix can be a simple diagonal matrix or a block-diagonal matrix. The spatial- and frequency domain components for all TRPs/RRHs as well as the precoder coefficients including the coefficients of the combining matrix that are determined by the UE are reported using a joint CSI report to the gNB. The gNB can reconstruct the overall precoder based on the individual TRP/RRHs precoders and the coefficients of the combining matrix. In a second option, the frequency-domain components of the precoder are determined jointly across TRPs/RRHs and the spatial-domain components are determined per TRP/RRH. The overall codebook comprises three components similar to the Rel. 16/17 Type-II codebook, 
: a matrix that comprises 2L selected DFT basis vectors determined per TRP/RRH,
: a matrix that comprises selected M DFT basis vectors determined across all TRPs/RRHs,
: a matrix that comprises a number of combining coefficients for combining the selected DFT basis vectors across the spatial and frequency domains. 
The number of SD components L can be identical across all TRPs/RRHs or different per TRP/RRH. Note also that option 1 may have a lower complexity than option 2 as the FD components are calculated as in Rel. 16/17 Type-II codebook separately per TRP/RRH. However, it is expected that option 2 achieves better performance than option 1. Therefore, it is proposed to study and evaluate these two options more in detail. 
Observation 8: Two different codebook schemes based on Rel. 16/17 Type-II refinements can be considered for  C-JT.
Option 1: The SD- and FD-components as well as the precoder coefficients are determined per TRP/RRH and the individual precoders associated with each TRP/RRH are combined via a combining matrix.
Option 2: The SD-components are determined per TRP/RRH whereas the FD-components and the precoder coefficients are determined across all TRPs/RRHs. 
Proposal 4: Study option 1 and option 2 for C-JT-based CSI reporting. 
The channel characteristics such as propagation delay, pathloss and RSRP from the coordinating TRPs/RRHs can be quite different, especially when the TRPs/RRHs are geographically separated at different distances to the UE. Therefore, for C-JT, a selection of TRPs/RRHs can be considered for further study where a group of TRPs/RRHs with similar channel characteristics or RSRP is selected from all TRPs/RRHs. 
Proposal 5: For C-JT, study further selection of a group of TRPs/RRHs from all TRPs/RRHs.
Conclusions
Based on the above discussion, we have the following observations and proposals. 
Observation 1: Current specification would support multi-shot CSI-RS for exploiting time-domain correlation/Doppler-domain information for medium UE speeds without any modifications to the CSI-RS framework. 
Observation 2: In order to accurately calculate the Doppler information, the periodicity of the CSI-RS transmission must satisfy the sampling theorem. 
Observation 3: Current specification supports UE speeds up to 68 km/h for a center frequency of 2 GHz and subcarrier spacing of 15 KHz. 
Proposal 1: DFT-based basis set for the time domain basis of the codebook can be considered. 
Observation 4: Extrapolation or prediction of the precoder to  future time instances can be performed by the gNB as it involves replacing the length  DFT basis vector by a length  DFT basis vector associated with the Doppler components/shifts. 
Observation 5: Oversampling of Doppler and delay components may result in performance enhancements. 
Proposal 2: Study oversampling for both frequency and time domain basis of the codebook. 
Observation 6: Channel models with spatial consistency are required to evaluate the time-domain correlation/Doppler-domain information-based CSI enhancements. 
Proposal 3: For performance evaluations, it is proposed to use the channel model supporting spatial consistency in TR 38.901. 
Observation 7: Enhanced Type II CB with Doppler domain information outperforms Rel. 16 Type II CB in terms of performance and feedback overhead. 
Observation 8: Two different codebook schemes based on Rel. 16/17 Type-II refinements can be considered for  C-JT.
Option 1: The SD- and FD-components as well as the precoder coefficients are determined per TRP/RRH and the individual precoders associated with each TRP/RRH are combined via a combining matrix.
Option 2: The SD-components are determined per TRP/RRH whereas the FD-components and the precoder coefficients are determined across all TRPs/RRHs. 
Proposal 4: Study option 1 and option 2 for C-JT-based CSI reporting. 
Proposal 5: For C-JT, study further selection of a group of TRPs/RRHs from all TRPs/RRHs.
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Table 1: Simulation parameters
	Parameter
	Value

	Duplex, Waveform 
	FDD, OFDM 

	Multiple access 
	OFDMA 

	Scenario
	UMa  

	Frequency Range, center frequency 
	2.6 GHz

	Inter-BS distance
	200m 

	Channel model
	Channel model of TR 38.901 with spatial consistency with a linear track and random direction for each UE

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

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

	BS Tx power 
	44dBm 

	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 
	10 MHz 

	UE distribution
	100% outdoor (20 Km/h)

	UE receiver
	MMSE-IRC
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