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Introduction
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]In RAN#94e, new WID on further enhancement of UL and DL MIMO technologies was approved [1], one of the objectives is to study CSI enhancement in high/medium UE velocities, as copied below:
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

The study in Rel-18 is focused on UE reporting of CSI by exploiting time-domain correlation or properties, which suggests the CSI prediction is done at gNB side. Based on UE reported time-domain correlation or properties gNB may calculate precoder for future, e.g. few milliseconds. However, CSI prediction at UE may perform better in terms of accuracy and feedback overhead. It has been well studied in academia, and there are many viable approaches. In this contribution, we discuss some of the CSI prediction mechanisms/implementations at UE and potential specification support. 
Discussion
Current NR specification supports very flexible configuration of CSI-RS and CSI reporting settings. Take a typical example of CSI-RS configuration and timeline of CSI reporting to scheduling of PDSCH as depicted in figure below.gNB
UE
Periodic
CSI-RS
20ms
UE calculates CSI
and reports to gNB
Latest CSI-RS
before reference 
resource
gNB schedules
PDSCH
~10ms


Illustration on CSI application delay 
It can be noticed that there is ~10ms delay in CSI application from the time where UE obtains in above example. In the moderate to high UE velocity, the UE reported CSI will be obsolete by the time gNB schedules the PDSCH to the UE. One way to cope with CSI aging is to configured very short CSI-RS periodicity or frequently trigger aperiodic CSI/CSI-RS, this will cause very high overhead on both CSI-RS and CSI feedback. Even in such assumptions, there will be delay of ~4ms in CSI application for PDSCH scheduling due to time required for CSI-computation and feedback, which is still significant in moderate to high speed scenario.
There are various CSI prediction techniques in academia, industries including AI/ML based prediction technologies. Few potential non-AI/ML CSI prediction techniques with potential good performance are discussed below, and in [2] evaluations on AI/ML based CSI prediction is given.
With CSI prediction at UE, the UE reported CSI is meant for future time, e.g. 4ms later, the format of CSI reporting could be same as in current specification. Whether gNB is aware of UE behavior on CSI prediction can be further studied, it could be beneficial if gNB has knowledge whether the UE reported CSI is based on prediction or not.  
  
 Principle of channel prediction in case of ideal Model
In the moderate or high mobility scenarios, channel prediction is too complicated since the number and delay of multipath change in every possible way due to the movement of UE and surrounding scattering. Even worse in massive MIMO system, the beam direction from gNB to the UE is also varying if UE moves along one direction, e.g. the tangent line of a circle around the gNB. Therefore, it is so hard to deal with channel prediction if the birth-death of path and unstable beams changes rapidly. For the study of the channel prediction, some assumptions on the above parameters and characteristic of wireless channel in MIMO system are needed, for instance, the variations of the multipath number, the multipath delay and the multipath beam, e.g. AOD/ZOD/AOA/ZOA are much slower during the span of prediction, except that the phase of each path shifts along with time which is related to the corresponding doppler. 
In order to utilize the spatiotemporal correlation of channel for massive MIMO and OFDM system, the wireless channel can be modeled in the space-frequency domain which can be achieved by transforming the channel in the angle-delay domain with respective discrete Fourier transform (DFT) with limited beam direction and multipaths. In the following Fig 1, it can be observed that the paths in angle-delay domain are distributed sparsely.
[image: ]
Figure 1, angle-delay distribution


One delay time-varying channel in the space-frequency domain in -th receiver antenna for the moment  can be represented as

                          (1)


















where is the number of distinguishable beams,  is the number of distinguishable paths in corresponding -th beam,  represents the vertical angle  and horizontal angle  in corresponding -th beam, is the delay of -th path in -th beam, is the complex value of -th path in -th beam in -th antenna assuming initial time , is the doppler value of -th path in -th beam which is stable during channel prediction.  






Assuming the uniform linear array at gNB, the vectormeans the Kronecker product between the first vector which can be produced by extracting the distinguishable  -th column of DFT matrix and the second vector which can be produced by extracting the distinguishable  -th column of DFT matrix, means the vector which can be produced by extracting the distinguishable -th column of DFT matrix. The represents transpose in formula (1). 


















Ideally, the massive MIMO can provide high angular resolution and wider band can bring a high resolution of multipath delay, the vectors related toand the vectors related to can be equivalent to the form of DFT vectors, which are mutually orthogonal respectively. We can extract both vectors corresponding to -th path in -th beam, like what we usually implement to calculate and  of  TypeII-codebook.  Let’s explain it in another way, assuming the total number of multipath  is the sum of path number in all beams and the complex value of each path is represented  again, also, the doppler value is represented  again, furthermore, assuming the vectors related toand the vectors related to  are same in each antenna of reception and in each interested time, meanwhile, the  is same in each antenna of reception, we can focus on the following the coefficient matrix  which can be regarded as projection coefficient of the basics of joint vector of and . 

                                                           (2) 

where the matrix  means the phase shifting due to doppler of each path, which is diagonal matrix and expressed as 

                               (3)




and then, the matrix  means the complex value in initial or reference time  , which is matrix and expressed as (Note: means the number of antenna in reception) 

                   (4)


In general, the parameter of W2 corresponding to each transmitting layer in TypeII-codebook can be determined by the singular value decomposition of autocorrelation matrix , where represents conjugate-transpose. Let 


                                                                                                                 (5)




where  means the eigenvector corresponding to the -th layer in time . Due to the matrix is also one unitary matrix, we can derive from formula (5), 

                                                                                     (6)


Based on formula (3) and (6), we can derive at one certain time  by the following calculation,

                                           (7)


where is the reference time. We can estimate the doppler value of each path by calculating the phase shifting by leveraging two matrices  in different time and then carry out channel prediction according to (7).
Ideally, the TypeII-codebook to match with channel at any certain time can be predicted in gNB side or UE side by leveraging the TypeII-codebook in the reference time and doppler value estimation for each path.
Considerations on channel prediction in case of non-ideal Model
In section 2.1, limited multipath and ideal resolution in angle-delay domain are assumed, where each path can be projected to respective space-frequency domain (SD-FD) basis, between which the orthogonality is satisfied. However, in real deployment, the size of antenna array at gNB and the bandwidth we can leverage (e.g. the occupied frequency band of CSI-RS) are limited, it will cause the aliasing of path and some error would be introduced, for instance, the observational path corresponding to one SD-FD basis may involve more multipaths with same delay but with different doppler value, where the estimation of doppler algorithm mentioned in section 2.1 would be imprecise and the later the time, the greater the deviation of channel prediction. Therefore, principal component analysis of channel by traditional DFT transform based is not sufficient, although the mapping relations between angle-delay and SD-FD are in the form of DFT vectors. 
In order to improve the resolution with limited array size at gNB and the bandwidth, advanced algorithms should be introduced. In [3], the classic Estimation of Signal Parameters via Rotational Invariance Techniques (ESPRIT) is introduced to estimate the path delay and path doppler in sequential order. The most difficult part is how to determine the path number which will impact the estimation of ESPRIT, the Minimum Description Length (MDL) is employed in [3] which seems very complicated, how to find the significant path ignoring those close or equal to zero path without much loss of prediction accuracy should be studied. 
In [4], a spatiotemporal autoregressive (ST-AR) model-driven unsupervised-learning method and a deep learning (DL) based data-driven supervised learning method are presented and simulation results demonstrated that both the proposed ST-AR and the CVNN-based channel prediction methods can enhance the channel prediction performance compared with state-of-the art channel prediction methods. 
In summary, if UE reports a predicted channel or predicted codebook, it is better to derive the channel with more and accurate parameters and characteristic of channel then derive codebook e.g. TypeII-codebook based in predicted channel, rather than predicting codebook directly, for instance, only estimated doppler is leveraged as discussed in section 2.1. 


For channel prediction, the method of  may have better performance compared to the method of .
 Enhancement on CSI reporting 
In Rel-18, study of CSI prediction in mobility scenarios has been supported, the doppler information or time-domain correlation would be reported together with TypeII-codebook, where gNB can perform prediction based on the enhanced CSI reporting. Since the doppler estimation in the study mainly relies on the DFT transformation in time domain, if advanced UE can predict the channel in the future by adopting some implementation e.g. ESPRINT or AI based mentioned in section 2.2, another mechanism can be considered with little impact to the legacy CSI reporting in the future. 
Firstly, UE predicts multi-PMIs matching with respective time in the future as discussed above and UE reports multi-PMIs in correspond CSI reporting occasion respectively. There is no impact to the TypeII-codebook only the relative amplitude and phasing may additionally be reported. gNB can perform linear interpolation or extrapolation-based algorithm based on reported multi-PMIs and the relative amplitude and phasing.
Study channel prediction at UE for enhanced CSI reporting with minimum impact to current CSI feedback.

Conclusions 
1. 
1.1. 
In this contribution, we discussed benefit of channel prediction at UE, the UE derives PMI from the predicted channel. We have following observations and proposal. 
Ideally, the TypeII-codebook to match with channel at any certain time can be predicted in gNB side or UE side by leveraging the TypeII-codebook in the reference time and doppler value estimation for each path.


For channel prediction, the method of  may have better performance compared to the method of .
Proposal 1: Study channel prediction at UE for enhanced CSI reporting with minimum impact to current CSI feedback.
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