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Introduction
In RAN1#89, Type II codebook design were agreed, but it was left for further study if frequency-dependent parametrization should be additionally supported:
Agreements:
· Slides 4 to 24 in R1-1709232 are agreed
· For slide 20, FFS whether or not support frequency-dependent parameterization and if so, the details
· FFS whether or not to further enhance analog beamforming related operations especially for >1 layers

In this paper, we discuss such in frequency-dependent parameterization to compress the payload of Type II CSI feedback based. This is a resubmission of R1-1714305.
Introducing frequency parametrization approach
In LTE, CSI feedback utilizes either wideband PMI feedback, where one precoder is recommended for the entire bandwidth, or subband PMI feedback, where a precoder is recommended for each subband consisting of 4-8 resource blocks (as a dual-stage precoder structure is use, only one precoder factor, W2, is allowed to change over the subbands). The benefit of subband PMI selection over wideband PMI selection depends on the relative frequency-selectivity between the ports of the effective channel after applying the W1 precoding matrix. For Class A CSI feedback, the effective channel after W1 is typically a 2-port channel corresponding to the two polarizations of the beam in W1. Since the polarizations typically are decoupled and experience different channel realizations, this can lead to a frequency-selective channel if the intra-beam delay spread is large.
For Type II CSI feedback, the effective channel after W1 consist of several orthogonal beams, corresponding to different propagation directions in the channel. These propagation directions typically experience different average delays, and so, each beam is in addition to being associated with an intra-beam delay spread also associated with an average delay. 
In current Type II codebook proposals, beam cophasing in W2 is determined independently for each subband. While using a per subband quantization of the CSI utilizes that the per-beam channel is correlated in frequency in order to compress the CSI payload (i.e. a beam cophasing coefficient can be given per subband instead of per RB), it does not utilize any correlation between the beams due to a difference in average delay. To be more explicit, since the beams are co-phased against the leading (strongest) beam in W2, the difference in average delay between the beams and the leading beam will introduce a frequency correlation of the optimal co-phasing coefficients, which results in a linear phase shift across frequency. The slope of this linear phase shift depends on the difference in average delay compared to the leading beam.
To illustrate this effect, we consider a Type II codebook with  beam and look at the optimal selection of unquantized W2-coefficients, , derived from the principal eigenvector of , for each resource block , and look at how the phases of  changes over frequency. Three such examples are given in Figure 1, Figure 2 and Figure 3. As can be seen, the optimal beam co-phasing can in many cases be parametrized as a linear phase change across the resource blocks. For effective channels where this hold true, the  matrix can be much more efficiently expressed by for instance quantizing the slope and offset of the phase change over frequency for each coefficient, rather than feeding back a  matrix for each subband. Such a parametrization could possibly give a finer granularity of the estimate of the channel as well, as per subband quantization averages the optimal cophasing coefficients over a number of subbands, thus reducing the frequency-granularity of the CSI as information is averaged out. For instance, if the beam cophasing coefficients in Figure 2  were to be averaged over 6RB subbands, the resulting quantization error could be quite large, whereas if the linear phase shift were parametrized instead, the quantization error may be much smaller.
It should be noted though, that the effective channels illustrated in Figure 1 and Figure 2 experience quite a low intra-beam delay spread, and thus a linear phase change over frequency models the behaviour quite well. For cases with larger intra-beam delay spread, such as for the effective channel illustrated in Figure 3, a higher-order frequency parametrization model may be needed to efficiently capture the changes in the channel.
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[bookmark: _Ref478132033]Figure 1: Illustration of phase change over frequency of optimal beam combining coefficients for case with low per-beam delay spread and low differences in average delay of beams
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[bookmark: _Ref478132034]Figure 2:  Illustration of phase change over frequency of optimal beam combining coefficients for case with low per-beam delay spread and high differences in average delay of beams[image: C:\vbox_shared\phase_change4.png]
[bookmark: _Ref478132036]Figure 3: Illustration of phase change over frequency of optimal beam combining coefficients for case with high per-beam delay spread and low differences in average delay of beams
One approach of utilizing the frequency correlation of the beam co-phasing coefficients of a single layer to compress the CSI is to:
1. Derive the eigenvectors of  of   for each PRB 
2. Set the leading beam as a phase reference for all PRBs and normalize the eigenvectors 
3. Create a concatenated matrix   where each row corresponds to a beam combining coefficient and each column corresponds to a PRB
4. Perform a row-wise IFFT on  to determine the time-domain matrix 
5. For each beam combining coefficient, window out a number of taps  around the strongest tap  and only quantize the windowed-out coefficients to create  
a. W complex coefficients and  needs to be fed back per beam
6. Transform  back to frequency domain: 
Depending on the size of the time-domain window, W, as well as the carrier bandwidth and subband size, this approach may substantially reduce the CSI payload compared to per subband quantization approach.
Evaluation results
To evaluate the potential of frequency parametrization, we have performed evaluations of the resulting SNR of the in the previous section presented precoding scheme, and compare it to the proposed Type II codebooks using per subband quantization as well as the LTE Rel-13 and Rel-14 codebooks.  As evaluation methodology, the resulting SNR after applying precoding is presented, assuming the 3GPP 3D UMi channel model with 1x16 antenna array and using ideal channel estimation. Only single-layer precoding and SU-MIMO is assumed. The proposed frequency parametrization scheme based on IFFT is evaluated for windows sizes of . This is compared to Type II codebook using per subband and per PRB W2 selection. All Type II schemes use 4 beams and quantize the complex coefficients in W2 with 3 bits for amplitude and 3 bits for phase. As an upper bound, ideal SVD precoding per PRB is used.
The frequency parametrization scheme has a feedback payload of 110, 206 and 350 bits for window sizes of , respectively, assuming 50 PRBs. This should be compared to 452 bits for the Type II scheme using per subband quantization and 67 bits for the LTE Rel-14 advanced CSI codebook. The evaluation results are presented in Figure 4. As may be seen, the frequency parametrization scheme using a window size of one (W=1, corresponding to parametrizing the phase change over frequency as a linear function) can achieve significant increase in SNR compared to Rel-14 codebook, this increase in performance comes only at the cost of 43 additional bits. With window sizes of 3 and 6, the resulting SNR is on par with the Type II codebook using per subband quantization. But while the latter scheme uses 452 bits for a rank-1 report, the frequency parametrization scheme with W=3 uses only 206 bits, resulting in a 55% decrease in overhead!
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[bookmark: _Ref478140112]Figure 4: SNR comparison between Type II codebooks using subband quantization and frequency parametrization
Table 1: 5th percentile SNR for evaluated codebooks
	Scheme
	5th percentile SNR  [dB]
	Feedback overhead (single layer) over 50 PRBs

	LTE Rel-13 CB
	10.54
	42 bits 

	LTE Rel-14 Adv. CSI CB (+ free beam selection)
	11.52
	67 bits

	Type II CB, Freq. Par. IFFT W=1
	12.82
	110 bits

	Type II CB, Freq. Par. IFFT W=3
	13.33
	206 bits

	Type II CB, Freq. Par. IFFT W=6
	13.51
	350 bits

	Type II CB, Per subband quantization
	13.52
	452 bits

	Type II CB, Per RB quantization
	14.11
	2420 bits

	SVD per PRB (ideal)
	15.33
	 bits 



Observations:
· Frequency parametrization approach, with W=1, can yield substantial SNR improvement over Rel-14 advanced CSI codebook, with only a 43 bit increase in payload
· Frequency parametrization approach, with W=3, can yield similar SNR as Type II codebook with per subband quantization, but with a 55% reduction in overhead
Discussion
These initial results show a promising performance potential for compressing the Type II CSI payload using schemes employing frequency parametrization of beam co-phasing coefficients, instead of quantizing the coefficients per subband. However, these evaluations were performed using simplified assumption. More study is required, for instance analysing the impact of channel estimation errors, UE  and gNB impairments and different channel models. It should also further be studied how these type of schemes can be generalized to rank-2 CSI feedback and how these schemes perform in realistic system level evaluations using MU-MIMO transmission, as well as the relation to PRG size and resulting DMRS channel estimation performance.  We therefore make the proposal that this should be studied further:
Proposal:
· RAN1 should study frequency parametrization of beam combing coefficients as a method to further reduce the overhead for Type II CSI feedback
Conclusions
In this contribution, we have presented an alternative methodology for compressing Type II CSI feedback using frequency parametrization of beam combining coefficients and provided some initial evaluation results. The following observations were made:
Observations:
· Frequency parametrization approach, with W=1, can yield substantial SNR improvement over Rel-14 advanced CSI codebook, with only a 43 bit increase in payload
· Frequency parametrization approach, with W=3, can yield similar SNR as Type II codebook with per subband quantization, but with a 55% reduction in overhead
Which led to a proposal to further study these method considering more realistic assumptions:
· RAN1 should study frequency parametrization of beam combing coefficients as a method to further reduce the overhead for Type II CSI feedback
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Appendix

	Simulation parameters

	Carrier frequency
	2 GHz 

	Bandwidth
	10 MHz 

	Scenarios
	3D UMi 200m ISD

	Antenna Configurations
	32 ports:  1x16 antenna array


	Cell layout
	57 sectors in total

	Wrapping
	Radio distance based

	eNB Tx power 
	41 dBm (UMi),

	Antenna spacing
	0.5 lambda in horizontal

	Metric
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