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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  

[bookmark: _GoBack]The Type II CSI feedback in Rel. 15 New Radio supports transmission only up to 2 layers and  orthogonal beam combinations. Even with 4 orthogonal beams per polarization, the performance of Type II CSI is far from being achieved by optimal precoding schemes. This is because the entire channel space is not spanned by few orthogonal beams. Therefore, [2] proposes to increase the number of beams up to 8. Increasing the number of beams, however, results in an increased feedback overhead. Also, extending the support of Type II scheme to  rank transmission further increases the feedback overhead. In addition, the feedback overhead also increases linearly with the number of configured subbands and becomes considerably large for large numbers of subbands. 
Considering the high feedback overhead, several compression schemes have been proposed by the companies so far. In this contribution, we discuss few compression schemes and present a flexible framework for feedback compression based on delay-domain transformation. 

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 and several further compression schemes based on SVD and phase information are discussed. 
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
	
	,
	(1)


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 [8]), 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 [4]-[6], and possibly enhance performance (see also [9]). 
Collecting the precoders  for all  subbands in a matrix , we obtain
	
	,

	(2)


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 with associated DFT vectors. 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 is presented in the following 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 can be written as  
	
	
	(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 1: Different delay and spatial beam configurations can be considered for delay-domain precoding and CSI reporting with respect to performance and feedback overhead.
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 2: 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 1: Consider oversampled DFT-matrices for the frequency-domain codebook for further study.
  
The first dimension of the frequency-domain codebook can be flexibly chosen. For example, the value of  can be set to the total number of PRBs. Unlike the subband precoder, the precoder coefficients can vary per PRB and may not be constant over a subband. This leads to a higher flexibility in the optimization and possibly results in performance improvement. 

[bookmark: _Hlk525822573]Observation 3: Different configurations for the frequency-domain codebook can be considered. 


2.2.  SVD-based compression:

The SVD-based compression is achieved by decomposing the second-stage (subband) precoder matrix  using a SVD and reporting only the  dominant singular modes with the associated right and left singular vectors (see, e.g., [7]). The performance loss of the SVD-based decomposition depends on the number of reported dominant singular modes  Increasing the number of dominant singular modes  reduces the performance loss but increases the feedback overhead. Therefore, the trade-off between feedback overhead and performance loss for the SVD-based compression shall be studied. 

[bookmark: _Hlk525822582]Observation 4: The SVD-based approximation of the second-stage (subband) precoder matrix using only a few dominant singular modes may result in a performance loss.

Proposal 2: Study the performance loss and the amount of feedback overhead of SVD-based feedback compression. 

2.3. Compression of subband phase information  

It has been discussed by several companies to compress only the phase values of the second stage (sub-band) precoder matrix. The compression is achieved by a linear- or piece-wise linear modelling of the phase values and reporting only the phase information of few subbands. The phase information at the gNB is then restored by an interpolation of the phase values of the missing subbands. Note that a pure linear modelling of the phase over all subbands holds only true for pure-LOS channels which are characterized by a single delay. However, when the channel is characterized by multiple delays (which is typically the case), the phase may no longer be linearly modelled, and piece-wise linearly or high-order polynomial fitting approaches may be considered. The corresponding approximation error and feedback overhead shall be studied. 

[bookmark: _Hlk525822592]Observation 5: Interpolation of phase values using partial subband phase information may result in high approximation error and performance loss. 

Proposal 3: Study the performance loss and the amount of feedback overhead of interpolation-based phase modelling. 

3. Simulation results 
In this section, simulation results are presented to demonstrate the performance and feedback reduction obtained by delay-domain-based precoding and CSI reporting. The Rel.-15 type-II CSI subband-based precoder is used for comparison. The amplitude and phase of the precoder coefficients are quantized with 3 bits each. As a first step, equal number of delays is considered for all layers and beams i.e.,  and the delays are independent of the spatial beams i.e., the delays are chosen to be identical for all spatial beams. The simulation parameters and simulation setup details are summarized in Table. 1. 
The delay-domain coefficients and the associated delays can be calculated based on the frequency-domain second-stage precoding matrix . The matrix  can be either a subband precoder matrix or a PRB precoder matrix. By applying the IFFT,  strongest coefficients and the associated delays per beam are chosen to approximate the second stage precoder. Figure 1 shows the resulting performance by approximating the subband precoder of a rank-2 transmission using few delay-domain coefficients. Although, there is no performance improvement, the feedback overhead is significantly reduced by 39% and 26% when using   an d  beams, respectively. 

[bookmark: _Hlk525822608]Observation 6: Approximation of the subband precoder matrix using few delay-domain coefficients and the associated delays results in a small performance degradation. 
Also, the delay-domain coefficients  and the corresponding delays associated with each coefficient can be calculated directly on the beamformed channel using any optimization criterion, for example the average mutual information. The performance of the delay-domain precoder for a rank-2 transmission is shown in Figure 2. Identical delays are considered for the two layers. When using  delays, a small performance degradation can be seen, whereas a slight improvement is observed when using  delays over the subband precoder. The amount of feedback overhead required when using different number of delays is shown in Figure 3. For   delays and  delays the delay-domain precoder requires only 61% and 74% of the feedback required by the subband precoder, respectively. 
From Figure 1 and Figure 2, it can be observed that for the same amount of feedback, the performance can be enhanced by calculating the space-delay precoder directly in the delay-domain rather than approximating the space-delay precoder based on the subband precoder matrix or the PRB precoder matrix. 
[bookmark: _Hlk525822618]Observation 7: Calculation of the space-delay coefficients and the associated delays directly in the delay-domain does not lead to performance degradation. 


	
	

	Figure 1: Performance of the space-delay (SD) precoder when the coefficients and delays are calculated based on the subband (SB) precoder matrix.
	Figure 2: Performance of space-delay (SD) precoder when the coefficients and delays are calculated in the delay-domain directly.



	                                       

	                                             Figure 3: Feedback required for different number of delays.


[bookmark: _Hlk525822625]Proposal 4: Study the performance of the space-delay precoder for different delay, spatial beam frequency-domain codebook configurations to find the trade-off between performance and feedback overhead.
4. Conclusions
This contribution discusses a flexible framework for feedback compression based on delay-domain transformation.  In addition, the compression schemes based on SVD and phase compression are discussed, and some preliminary simulation results are presented, based on which the following observations and proposals have been made. 
Observation 1: Different delay and spatial beam configurations can be considered for delay-domain precoding and CSI reporting with respect to performance and feedback overhead.
Observation 2: 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 1: Consider oversampled DFT-matrices for the frequency-domain codebook for further study.
Observation 3: Different configurations for the frequency-domain codebook can be considered.
Observation 4: The SVD-based approximation of the second-stage (subband) precoder matrix using only a few dominant singular modes may result in a performance loss.
Proposal 2: Study the performance loss and the amount of feedback overhead of SVD-based feedback compression. 
Observation 5: Interpolation of phase values using partial subband phase information may result in high approximation error and performance loss. 
Proposal 3: Study the performance loss and the amount of feedback overhead of interpolation-based phase modelling. 
Observation 6: Approximation of the subband precoder matrix using few delay-domain coefficients and the associated delays results in a small performance degradation. 
Observation 7: Calculation of the space-delay coefficients and the associated delays directly in the delay-domain does not lead to performance degradation. 
Proposal 4: Study the performance of the space-delay precoder for different delay, spatial beam frequency-domain codebook configurations to find the trade-off between performance and feedback overhead.

References
RP-182067, Samsung, “Revised WID: Enhancements on MIMO for NR”, 3GPP RAN#81, Gold Coast, Australia, Sept. 10 – 13, 2018.
NTT DOCOMO, “On Type II codebook enhancement,” R1-1802473, Athens, Greece, Feb. 26 – March 2, 2018.
Fraunhofer IIS, Fraunhofer HHI, “Further enhancements on Type-II CSI reporting: Doppler-domain approach,” R1- 1811090, Chengdu, China, Oct. 8 – 12, 2018. 
Fraunhofer IIS, Fraunhofer HHI, “Enhancements on Type II CSI reporting scheme,” R1-1806124, Busan, South Korea, May 21 – 25, 2018.
Ericsson, “Frequency parameterization for Type II CSI feedback,” R1-1802748, Athens, Greece, Feb. 26 – March 2, 2018.
Huawei, HiSilicon, “Enhancements on CSI reporting and codebook design,” R1-1808949, Gothenburg, Sweden, Aug. 20 – 24, 2018.
ZTE, “Enhancements on Type II CSI feedback for MU-MIMO,” R1-1808201, Gothenburg, Sweden, Aug. 20 – 24, 2018. 
G. Matz, Franz Hlawatsch, “Fundamentals of Time-Varying Communication Channels,” in Wireless Communications over Rapidly Time-Varying Channels, 2011.
V. Ramireddy, M. Grossmann, M. Landmann, and G. Del Galdo, “Sub-band versus space-delay precoding for wideband mmWave channels,” accepted for publication in IEEE Wireless communication letters. DOI: 10.1109/LWC.2018.2866250



 
Table 1:Simulation parameters and setup
	Simulation parameters 
	Values

	Channel setup 
	Single user MIMO

	Channel scenario
	3GPP Urban Macro NLOS

	Carrier Frequency 
	2.6GHz

	System Bandwidth
	10MHz

	Number of subcarriers (Q)
	1024

	Number of PRBs 
	50

	Number of subbands 
	6

	Number of delays 
	[3,4]

	BS array antenna configuration 
	
X-pol (+/-90)


	UE antenna type and configuration 
	, , 
X-pol (+/-90)

	Cell radius 
	250m

	Base station height 
	25m

	UE speed 
	3Km/h



SD (L = 3) 	
93.63	SD (L = 4) 	
95.02	SB (S = 6) 	
100	𝞰[%]


SD (L = 3) 	
98	SD (L = 4)	
101	SB (S = 6)	
100	 𝞰[%]




SD (L = 3)	
0.61	SD (L = 4)	
0.74	SB (S = 6)	
1	Feedback overhead [%]


