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Introduction
The NR MIMO enhancement WID includes enhancement of MU-MIMO support [1]: 
· 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 this contribution, we present simulation results of Type II CSI feedback reduction based on reporting time-domain rather than frequency domain precoding information.  
[bookmark: _Ref169246743]Type II overhead reduction techniques
Type II CSI feedback provides the high precision channel state information needed for efficient MU-MIMO operation.  The high precision of the channel state information however comes at the cost high feedback overhead, on the order of two to five hundred bits for one and two layers transmission respectively.  The majority of type II feedback overhead consists of sub-band amplitude and phase coefficients as opposed to wideband amplitudes and beam selection indication.  Therefore techniques implemented and proposed for reducing Type II overhead have focused on reduction in sub-band feedback.
NR Release 15
In NR Release 15, the particular sub-bands for which sub-band precoding information is fed back is configurable by the CSI report band configuration mask. Depending on the expected uplink load, sub-band reporting can for example be decimated in the frequency domain, leaving the gNB to determine the sub-band precoding information for those sub-bands without feedback.  Due to uplink traffic variations as well as the inherent variation in Type II CSI overhead due to dynamic rank reporting, Release 15 also implemented a partial CSI omission mechanism by which up to every other reported sub-band could be omitted if their inclusion would cause the UCI code rate to exceed a configured code rate.
Other proposed techniques
Other techniques to reduce Type II overhead were also proposed in Release 15. Theseinclude differential reporting [6], CSI omission of up to 3 out of 4 contiguous sub-bands [7], and a group of techniques which feed back time-domain representation of the beams’ channels instead of frequency domain sub-band coefficients [2]-[4], [6]-[9].  These techniques will collectively be referred below  as sub-band precoding compression techniques.
[bookmark: _Ref525808950]Sub-band precoding compression
Sub-band precoding compression techniques takes advantage of the frequency domain correlation of a beam’s sub-band phases which results from a dominant tap in the time domain. For example, if a beam’s channel consists of single tap in the time domain, then the frequency domain channel will have constant amplitude and linear phase with slope proportional to the tap’s delay.  If the beams’ channels each consist of a single delay, it would be sufficient for the UE to feedback only the corresponding taps’ amplitude and phase coefficients to obtain frequency domain precoding vectors with PRB level granularity. More generally however a beam’s channel may exhibit intra-beam delay spread which causes non-linear phase in the frequency domain and consequentially a reduction in frequency correlation.  This is illustrated in Figure 1 and Figure 2 where in each figure time domain magnitudes and frequency domain phases are plotted for UEs exhibiting a dominant delay, (a), (c), and intra-beam delay spread, (b), (d).
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[bookmark: _Ref525910419]Figure 1: Time and frequency representations of channels with low, (a),(c) and high (b),(d) intra-beam delay spread.
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[bookmark: _Ref525910428]Figure 2: Time and frequency representations of channels with low, (a),(c) and high (b),(d) intra-beam delay spread.
Sub-band precoding compression schemes forgo feeding back a sub-band level frequency domain representation of the beams’ channels and instead feed back a time domain representation, including, for example, the location of a set of delays and their corresponding time-domain coefficients.  If the set of delays is small enough, a reduction in feedback overhead compared to sub-band level precoding can be achieved.  
The sub-band precoding compression scheme simulated in this contribution will now be described.  This scheme is based on the single-layer scheme described in [2].  
As with conventional Type II feedback, the beam selection matrix 

	 





is applied to the channel matrix  to form the  beam-selected channel matrix . The second stage precoders,,   



[bookmark: MTBlankEqn]are the principal eigenvectors of.  For each PRB, the rows of  can be normalized since only the relative amplitude and phase between the beams is important.  One normalization scheme scales the rows of  by the row containing the leading beam [2].  If the leading beam is assumed to be row 1, the elements of the scaled PRB-level precoders are given by

	 .


The scaled precoding vectors across frequency are then transformed, beam by beam, to the time domain with the inverse DFT yielding the 2L sequences, : 

	 


For each beam the index of the delay with the largest magnitude,, is calculated and taps within a window of size  are kept and the rest set to zero:

	 .


The resulting sequences, are then transformed back to the frequency domain to form the PRB-level precoding vectors

	 .


Note that due to normalization of the first beam,  irrespective of the windows size. 

Beam power-delay distribution
Simulations were performed to determine the beams’ power distribution around dominant delays.  These power distributions give an indication of the intra-beam delay spread and are useful in determining the window around beams’ dominant delays within which delay information should be retained.  The variation of power-delay distributions across beams is also an indication of how intra-beam delay spread varies with beam index.


Simulations were performed to calculate the fraction of a beam’s power within a window of size.  This fraction,, is defined as

	 .
The CDFs of the beams’ power fractions, computed over multiple UEs, drops, and TTIs, are plotted in Figure 3 and Figure 5. Two beams are plotted, 5 and 8, for three scenarios, Dense Urban, 3D UMi, Rural, and Indoor Hotspot . Taking the case of beam 5 in Dense Urban as an example, the percentage of UEs whose power fraction is less than 0.9 for a window size of 3 is 18% while the percentage of UEs with the same power fraction within a window size of 1 goes up to 25%.  
Beam 8 however exhibits larger intra-beam delay spread. The percentage of UEs having power fractions less 0.9 for a window size of 3 increases from the beam 5 value of 18% to 30% while this percentage increases from 25% to 43% for a window size of 1.  
The plots also give an indication of which scenarios have the greatest intra-beam delay spread. The 3D UMi and Dense Urban scenarios are seen to have the widest intra-beam delay spread while indoor and rural scenarios, power fractions less than 90% within a window size of 1 occur less than 15% of the time.  Overall a window size of 3 captures more than 90% of the energy in greater than 65% of UEs over all beams and channels. In addition it can be observed that little additional energy is captured by increasing the window size above 3.
In Figure 4 and Figure 6 the CDFs of beams 2 through 8 are shown for a fixed window size of 3. Beam 5, which shares the same DFT vector of the leading beam but with a different polarization, has the most concentrated power while beam 8 contains the least energy within the window. 
These observations are summarized below.
Observations
· A window size of 3 captures more than 90% of the energy in greater than 65% of UEs over all beams and scenarios
· Little additional energy is captured by increasing the window size above 3 in all scenarios.
· Among the 2L-1 beams, the power is most concentrated around a dominant path in the beam corresponding to the orthogonal polarization of the leading beam.
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[bookmark: _Ref525909563]Figure 3: Distribution over UE power fraction   with window sizes of  = 1, 3, 5, and 9 for beam 5 (left) and beam 8 (right).  Beam 5 shares the same beam-selection vector as the leading beam but with the orthogonal polarization.  Dense Urban and 3D UMi scenarios were simulated with a 16 X 2 port configuration.
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[bookmark: _Ref525909514]Figure 4: Distribution of UE power fraction  with window size = 3 for beams 2 through 8 for Dense Urban (left) and Umi3D (right).
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[bookmark: _Ref525909573]Figure 5: Distribution over UE power fraction   with window sizes of  = 1, 3, 5, and 9 for beam 5 (left) and beam 8 (right).   Rural and Indoor Hotspot scenarios Dense Urban and 3D UMi scenarios were simulated with a 16 X 2 port configuration
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[bookmark: _Ref525909525]Figure 6: Distribution of UE power fraction  with window size = 3 for beams 2 through 8 for Rural (left) and Indoor Hotspot (right).

System level simulation results

System level simulations were performed to compare the compression scheme described in Section 2.1 with Type II single layer feedback. The scenario was Dense Urban eMBB and the antenna port configuration was 32 X 4.  Additional simulation assumptions are given in the Appendix. The average cell and cell edge spectral efficiencies along with the required number of bits of feedback are shown in Table 1. For the compressed scheme the dominant tap indices  were coded with 6 bits for a total of 42 bits and the corresponding seven coefficients were either unquantized, or coded with 3 or 4 bits for amplitude and phase. Wideband feedback consisted of 11 bits for beam selection and 3 bits for leading beam indication.  For Type II feedback, the number of feedback bits is taken from [5].

One can observe that with a window size of  and 4 bits of quantization for amplitude and 4 bits for phase, the compressed scheme’s performance is slightly better than Type II and, in addition, the required feedback is 20% less.  This can be attributed to the higher resolution of phase compensation in the frequency domain available with the compressed scheme where phase information is available on a PRB basis as opposed Type II where a single phase is calculated and applied per sub-band. 
The reduction in feedback overhead can be increased to 40% by utilizing a window size of 1 and 4 bits of amplitude and phase quantization with a loss of about 1% in average cell throughput and 4% in cell edge.

It is interesting to observe that a window size of 3 with 3 bits of amplitude and phase has similar performance to a window size of 1 with 4 bits of amplitude and phase. However a window size of 1 requires only 112 instead of 182 bits with a window size of 3. This seems to indicate the coefficients are sensitive to quantization to the point where the loss in performance in going from 4 to 3 bits of representation negates the advantage of the increased energy captured with a window size of 3. These observations are summarized below.
Observations 
· Single layer sub-band precoding compression can simultaneously improve performance and reduce feedback overhead compared to Type II single layer feedback.
· Single layer sub-band precoding compression offers 40% less feedback overhead with reductions in average cell and cell edge performance on the order of 1% and 4% respectively.
· It is important to evaluate the best trade off between window size and coefficient quantization in single layer sub-band precoding compression.

[bookmark: _Ref525810183]Table 1: System simulation results comparing single layer Type II with the compressed scheme with different window sizes and quantization


Conclusions
This contribution provided simulation results of sub-band precoding compression which is based on the feedback of time-domain instead of frequency-domain precoding information.  One important aspect of this approach is the selection of which and how many time-domain coefficients should be fed back by the UE. Simulation distributions of captured energy around beams’ dominant delays were presented. From these results the follow observations can be made:
· A window size of 3 captures more than 90% of the energy in greater than 65% of UEs over all beams and scenarios
· Little additional energy is captured by increasing the window size above 3 in all scenarios.
· Among the 2L-1 beams, the power is most concentrated around a dominant path in the beam corresponding to the orthogonal polarization of the leading beam.
System level simulations were also performed to determine the performance of sub-band precoding compression for different levels of feedback overhead. From the results of these simulations the following observations can be made
· Single layer sub-band precoding compression can simultaneously improves performance and  reduce feedback overhead compared to Type II single layer feedback.
· Single layer sub-band precoding compression offers 40% less feedback overhead with reductions in average cell and cell edge performance on the order of 1% and 4% respectively.
· It is important to evaluate the best trade off between window size and coefficient quantization in single layer sub-band precoding compression.
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Appendix
	Technical configuration Parameters

	Modulation
	Up to 256 QAM

	Coding on PDSCH
	LDPC

	Numerology
	15KHz 14 OFDM symbol slot and 52 PRBs

	Guard band ratio on simulation bandwidth
	6.4%

	Simulation bandwidth
	10 MHz

	Transmission scheme
	Closed SU/MU-MIMO adaptation

	DL CSI measurement
	Non-precoded CSI-RS  based

	Type II feedback DL codebook
	4 beams, wb+sb, 8psk

	PRBs bundling per SB
	1PRB

	MU dimension
	Up to 12 layers

	[bookmark: _GoBack]SU dimension
	Single layer

	Codeword (CW)-to-layer mapping
	Single Codeword

	CSI feedback
	PMI, CQI: every 5 slot; RI: every 5 slot;
Sub-band based 

	Interference measurement
	SU-CQI; CSI-IM for inter-cell interference measurement

	ACK/NACK delay
	The next available UL slot

	Re-transmission delay
	The next available DL slot after receiving NACK

	Antenna configuration at TRxP
	(8,8,2,1,1;2,8)
(dH, dV)=(0.5, 0.8)λ

	Antenna configuration at UE
	 (M,N,P,Mg,Ng; Mp,Np)= (1,2,2,1,1; 1,2)
(dH, dV)=(0.5, N/A)λ

	Scheduling
	PF

	Receiver
	MMSE-IRC

	Channel estimation
	Non-ideal

	System configuration parameters

	Mechanic tilt
	90° in GCS (pointing to horizontal direction)

	Electronic tilt
	105 degrees

	Handover margin (dB)
	1

	Other Parameters 

	Channel Model
	Channel Model A

	TRxP total transmit power
	41 dBm
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