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1. Introduction

Based on the WID of NR MIMO enhancements for Rel-16 in RAN meeting #81 [1], the following has been agreed to extend specification support in the following areas 
· Enhancements on MU-MIMO support:
· Specify overhead reduction, based on Type II CSI feedback, taking into account the trade-off between performance and overhead 
· Perform study and, if needed, specify extension of Type II CSI feedback to rank >2  
In RAN#94bis, the following agreements have been made with respect to the first sub-bullet point.
· Focus on proposals based on linear combination codebook as in Rel-15
· Also investigate potential common ground between frequency domain and time domain approaches, e.g. merging these two into one category

Considering the high feedback overhead of Rel.-15 Type II CSI, several compression schemes based on delay-domain CSI reporting have been proposed by the companies so far [2]. In this contribution, we present a detailed proposal of the delay-domain based precoding and CSI reporting scheme which has a higher potential to possibly enhance performance and reduce the feedback overhead. 
Also, a compression scheme based on Doppler-domain precoding is discussed in our companion contribution [3].

2. Feedback compression for Type II CSI Reporting
In this section, a flexible framework for feedback compression based on delay-domain transformation is presented. 
2.1. Delay-domain-based feedback compression:
Assuming a rank- transmission and a dual-polarized antenna array at the gNB with configuration (,,), the conventional Rel.-15 double-stage precoder for the -th subband and -th transmission layer is given by
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where  is the wideband first-stage precoder containing  spatial beams  identical for all  subbands, and  is the second-stage precoder that contains  subband (wideband amplitude, subband amplitude and phase) complex frequency-domain combining-coefficients associated with the  spatial beams.
The first-stage precoder focuses the energy to few scatterers with respective delays (i.e., objects that scatter, reflect, or diffract the propagation waves [4]), or clusters of scatterers in the radio channel. The corresponding  beamformed channel impulse responses are therefore characterized by few significant channel delays. Compared to the current subband-based precoding and CSI reporting, a delay-domain signal precoding (space-delay precoding) and CSI reporting may therefore reduce feedback overhead and possibly enhance performance (see also [5]). 
Collecting the precoders  for all  subbands in a matrix , we obtain
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Then the second-stage precoder  can be written as , whose -th row contains the complex combining-coefficients associated with the -th beam over  subbands, 
.
To perform precoding in the delay domain, the second stage precoder  associated with the -th beam can be written as a product of few delay-domain coefficients and the associated DFT vectors. Each DFT vector is associated with a delay and models a linear phase increase over the subbands. 
Observation 1: To perform precoding and CSI reporting in the delay domain, the second stage precoder is expressed as a product of few delay-domain coefficients and the associated DFT vectors, where each DFT vector is associated with a delay and models a linear phase increase over the subbands. 
The spatial beam configuration (number of beams, beam indices) of the precoder may be different for different layers. Also, the delay configuration (number of delays, delay indices) may be different for different beams and layers. Therefore, a framework for delay-domain-based precoding and CSI reporting was presented in [6] that allows flexibly choosing 
1) the spatial beam configuration per layer, and
2) the delay configuration per beam and/or per layer.
The overall delay-domain precoder associated with the -th layer for all  subbands is expressed by 
	
	
	(3)


where 
·  is the number of beams for the -th layer, 
·  is the number of delays for the -th layer and -th beam,
·  is the -th delay vector of size  associated with the -th layer, -th spatial beam and the -th polarization of the base station antenna array;
·  is the -th spatial beam associated with the -th layer;
·  is a complex space-delay coefficient associated with the -th layer, -th spatial beam, -th delay and the -th polarization of the base station antenna array, and
·  is a normalization factor to ensure a certain average total transmission power.  

The spatial vectors  in (3) are selected from an oversampled 2D-DFT codebook matrix. The selected beam indices and number of beams  may be non-identical, partly-identical, or non-identical over the transmission layers. For example, when the number of beams is identical over the transmission layers, .  
Each vector  in (3) is associated with a delay and selected from a frequency-domain codebook matrix  which is based on a DFT- or oversampled DFT-matrix. The selection of the delay vectors  depend on the layer, beam and polarization index. Different configurations of the delay vectors can be considered (for example):
· The vectors  may be non-identical for the beams of the -th transmission layer such that each beam is associated with its own set of  delays. 
· The vectors  may be identical for all  beams of the -th transmission layer such that all beams are associated with the same set of  delays.
· The vectors  may be identical for  beams and  transmission layers such that all beams of each transmission layer are associated with the same set of delays.
· The vectors  may be non-identical for  beams and  transmission layers such that all  beams of each transmission layer are associated with their own set of delays.
· The vectors  may be partly identical for  beams and  transmission layers.
· The number of delays  may be identical for some or all  beams and some or all   transmission layers.
· The number of delays  may be identical for all  beams associated with the -th transmission layer and may be non-identical for the other transmission layers.  
· The number of delays  may be non-identical for all  beams and all  transmission layers. 

[bookmark: _Hlk525822562]Observation 2: Different delay and spatial beam configurations can be considered for delay-domain precoding and CSI reporting with respect to performance and feedback overhead.
Although different delay and spatial beam configurations are possible, the spatial beam and delay configuration of the space-delay precoder shall be aligned with the physical structure of the radio channel. The radio channel consists of a number of clusters of scatterers associated with respective delays (see Fig. 1). In order to capture a significant portion of the energy of the radio channel at the UE, the spatial DFT beams of the first stage precoder must point in the direction of the channel clusters. In a typical channel setting the clusters are uniformly distributed around the gNB, and each transmit spatial beam is associated with a single or few neighboured clusters. Moreover, due to the uniform distribution of the channel clusters, each cluster is associated with a different delay. The number of clusters to which each spatial beam is associated with depends mainly on the beam width (which is related to the aperture size of the antenna array at the gNB). The larger the beam width (i.e., the smaller the aperture size of the antenna array) the more channel clusters are associated with the spatial beam. Therefore, the delay configuration (number of delays  and the values of the delays) of each spatial beam depends on the channel cluster(s) to which the spatial beam is associated with. 
	                                   [image: ]

	Figure 1: Each transmit spatial beam of the gNB is associated with a single or few channel clusters with corresponding delays. Beam #1 is associated with cluster #1 and delay #1. Beam #2 and Beam #3 are associated with the direct LOS channel component and with cluster #3 and delay #3. Beam #4 is associated with cluster #2 and delay #2. The delays of cluster #1 and cluster #2 are different and longer than the delay of cluster #3.



For the space-delay precoder (see eqn. (3)), each spatial beam is associated either with a single or a small set of delays (parameterized by ). The transmit beams are hence “delayed” by specific delay(s) before transmission. The delays must be selected in such a way that all 2U beams are coherently combined at the UE. Note again that each delay is represented in eqn. (3) by entries of a DFT vector which models a linear phase increase over the subbands. The d-th delay of the u-th spatial beam is represented by the DFT vector . The selection of the delays for a spatial beam is therefore identical to a selection of DFT vectors.
Due to the delay distribution of the channel clusters, it should be obvious that the delays associated with one spatial beam can be different to the delays associated with another spatial beam. Therefore, each spatial beam should be associated with its own set of delays, where the delays can be partially-, fully- or non-overlapping with the delays associated with other spatial beams. For the partially- or fully-overlapping case, a set of delays (common delays) may be associated with a set of spatial beams (beam group). Examples of two potential beam-delay configurations are depicted in Figure 2. In Fig. 2(a), the delays and spatial beams are grouped into a single group, such that the delays are identical for all 2U beams. In such a case, it is quite obvious that a large number of the combining-coefficients  in (3) will be close to zero and a feedback of them to the gNB would result in a waste of feedback resources. In Fig. 2(b), the delays and spatial beams are grouped into two groups. The blue and red boxes correspond to two sets of spatial beams/delays, where the beams in each set are associated with the same (common) delays. The spatial beams/delays of the first beam group (red box) may be associated with channel clusters away from the gNB characterized by small delays in the precoder. The spatial beams/delays of the second group (blue box) may be associated with channel clusters near the gNB and characterized by larger delays in the precoder. The beams in the second group are mostly associated with the strongest path of the channel and therefore contain few beams associated merely with one or very few delays. The beam/delay configuration shown in Fig. 2(b) may reduce the feedback overhead compared to the configuration shown in Fig. 2(a).  Therefore, the aforementioned beam/delay configuration shall be considered in Rel.-16 as a potential configuration for further study. 
Observation 3: When all 2U spatial beams in (3) are associated with the same delays, a large number of the combining-coefficients  will be close to zero and a feedback of them to the gNB would result in a waste of feedback resources. 
Proposal 1: Consider grouping of spatial beams and delays for the space-delay precoder to reduce the feedback overhead.
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	Figure 2(a): An example configuration consisting of identical delays for all beams. A cross indicates a delay associated with a specific beam. 
	Figure 2(b): An example configuration consisting of a first beam group (red box) and a second beam group (blue box), where the beams in each set are associated with a set of common delays. A cross indicates a delay associated with a specific beam.




	


In general, when optimizing the space-delay combining coefficients , the associated delays may not be given by integer values. Therefore, they cannot be associated with the entries of a DFT-matrix. Moreover, each beam is often associated with a specific direction and delay of a channel path component, and the delays of the channel path components may not be represented by integer values. Therefore, the flexibility of optimizing the delays can be increased when using an oversampled frequency-domain codebook. Let  be the oversampling factor. Then, the oversampled frequency-domain codebook may be represented by

	
	,
	(4)



where . Therefore, the vectors  associated with the delay indices are selected from the oversampled frequency-domain codebook matrix .

[bookmark: _Hlk525822568]Observation 4: The delays associated with the delay-domain complex combining coefficients may not be given by integer values, and therefore they may not be associated with entries of a DFT-matrix.
Proposal 2: The frequency-domain codebook shall consist of entries of an oversampled DFT-matrix.
  
The first dimension of the frequency-domain codebook can be flexibly chosen. For example, the value of S can be set to the number of sub-bands or the total number of PRBs. In our opinion, the Rel.-16 CSI reporting framework should largely follow the Rel.-15 CSI reporting framework with some enhancements. Therefore, the first dimension of the frequency domain codebook  shall be given by the number of subbands. 

Proposal 3: The first dimension of the frequency domain codebook S shall be given by the number of subbands.

When using space-delay precoding, the effective SINR of each PRB/subband at the UE can be written as a function of the corresponding channel, the delay-domain precoder coefficients and the delay differences of the precoder delays (e.g., see [5]). Therefore, only  delays are sufficient to be fedback to the gNB instead of  delays which translates to the feedback of indices associated with the delay differences when using a frequency-domain codebook. 

Proposal 4: Consider the feedback of delay differences instead of delays to further reduce the feedback. 
3. Conclusions
This contribution discusses a flexible framework for feedback compression based on delay-domain transformation by precoding and CSI reporting in the delay domain. In addition, the possible beam-delay configurations by exploiting the physical structure of the radio channel are discussed. 
Based on the above discussion, we have the following observations and proposals. 
Observation 1: To perform precoding and CSI reporting in the delay domain, the second stage precoder is expressed as a product of few delay-domain coefficients and the associated DFT vectors, where each DFT vector is associated with a delay and models a linear phase increase over the subbands. 
Observation 2: Different delay and spatial beam configurations can be considered for delay-domain precoding and CSI reporting with respect to performance and feedback overhead.
Observation 3: When all 2U spatial beams in (3) are associated with the same delays, a large number of the combining-coefficients  will be close to zero and a feedback of them to the gNB would result in a waste of feedback resources. 
Proposal 1: Consider grouping of spatial beams and delays for the space-delay precoder to reduce the feedback overhead.
Observation 4: The delays associated with the delay-domain complex combining coefficients may not be given by integer values, and therefore they may not be associated with entries of a DFT-matrix.
Proposal 2: The frequency-domain codebook shall consist of entries of an oversampled DFT-matrix.
Proposal 3: The first dimension of the frequency domain codebook S shall be given by the number of subbands.
Proposal 4: Consider the feedback of delay differences instead of delays to further reduce the feedback. 
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