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Introduction
In the email discussion following RAN1#86bis, the following was agreed regarding quantized advanced CSI reporting:
  For advanced CSI feedback, at least one of the following types of beam group is supported 
  Type 1: Class A based W1 (non-orthogonal) 
  Type 2: Unrestricted orthogonal W1 
  Type 3: Orthogonal beams with restricted beam pattern 
  For advanced CSI feedback, RAN1 will specify only rank-1 and rank-2 codebooks 
  FFS, rank 3-4 
  Note: For rank 5-8, Rel.13 codebooks, as well as the extension and/or enhancement to more than 16 ports, can be reused 
Proposals for these different schemes have different amounts of overhead and different performance gains.  In this paper, we consider metrics to quantify the cost of overhead in terms of the schemes’ gain as well as the ability of UEs to support a given amount of uplink overhead.
Discussion
Advanced CSI provides more channel state information to eNB, which allows eNB to better approximate the channel to each UE, which then in turn allows substantially enhanced MU-MIMO performance.  This increased channel knowledge can only come from additional CSI overhead, and so advanced CSI by its nature must increase CSI overhead to some degree.  However, if there is insufficient performance gain, then the additional overhead (and advanced CSI in itself) is of course not justifiable.
The main issue then is how to quantify the tradeoff of overhead vs. performance gain.  Such comparisons are challenging, for example since overhead is on uplink and the gains are on downlink throughput.  Nevertheless, some basic calculations can be used to scope the tradeoffs.
Metric 1: Overhead as a percentage of throughput gain 
One straightforward approach is to compare the net throughput gain from advanced CSI to the extra overhead it needs.  Such a metric can be stated more precisely as

Note that the larger the penalty, the less beneficial the advanced CSI scheme is. Also, note that even if this metric is 99%, that means that there is still a net (although small) benefit to the additional CSI.
Table 1 below shows the Effective % Gain for Various Advanced CSI Codebooks and Configurations with 32 Ports.  The main challenge with this metric is how to translate UL spectral efficiency to DL spectral efficiency.  One straightforward way is to assume a fixed scaling factor, where UL spectral efficiency is X times worse than DL spectral efficiency.  In the table below, we (pessimistically) pick X=2.  For the sake of illustration, we pick 20 MHz system bandwidth (13 subbands), and a CSI transmission rate of 50 Hz.  We use MU-MIMO throughput gains from the results of [1] to compare:
· Baseline Rel-13 codebook  
· The non-Orthogonal codebook design with L=4 beams and equal gain QPSK combining in W2 [2].  
· The Orthogonal codebook design with L=2 or L=4 beams with unequal wideband gain and QPSK or 8 PSK combining in W2 [1].  
Furthermore, we assume worst case overheads where rank 2 is always used.  The CSI overhead increase is the CSI overhead from each scheme – the CSI overhead of Rel-13.  
Considering the results in Table 1, we see that the higher overhead orthogonal schemes actually have more net gain (lower gain penalty) than the non-orthogonal scheme.  Depending on conditions, the orthogonal schemes’ gain penalties are as much as 3-5x lower than the non-Orthogonal scheme.  That being said, all schemes have a very low penalty in the conditions where they have gain: the highest penalty is less than 5%.  So, in conditions where the schemes are suitable, their CSI feedback overhead is quite low compared to the gain they produce.
Observations:
· The (higher overhead) orthogonal schemes actually have more net gain (lower gain penalty from overhead) than the non-orthogonal scheme.
· Depending on conditions, the orthogonal schemes’ gain penalties are as much as 3-5x lower than the non-Orthogonal scheme.
· All schemes have a very low overhead gain penalty: overhead costs less than 5% of the throughput gains.  
[bookmark: _Ref465944700]Table 1: Effective Gain Penalty for Various Advanced CSI Codebooks and Configurations with 32 Ports
	
	Non-Orthogonal
	Orthogonal
	Orthogonal

	
	L=4, QPSK
	L=2, QPSK
	L=4, 8PSK

	System bandwidth (MHz)
	20
	20
	20

	CSI transmision rate (Hz)
	50
	50
	50

	CSI overhead increase vs. Rel-13 (kbps)
	6.5
	5.55
	25.6

	UL to DL Spectral Efficiency Penalty
	2
	2
	2

	Effective DL CSI ovhd (kbps)
	13
	11.1
	51.2

	
	
	
	

	At 50% Resource Utilization
	
	
	

	Mean throughput gain (bps/Hz)
	-0.0576
	0.1403
	0.3315

	tput gain (kbps)
	-1152
	2806
	6630

	Effective DL CSI Ovhd / Mean Tput Gain
	-1.13%
	0.40%
	0.77%

	
	
	
	

	5% cell edge gain (bps/Hz)
	0.01349
	0.06738
	0.16775

	tput gain (kbps)
	270
	1348
	3355

	Effective DL CSI Ovhd / 5% Tput Gain
	4.82%
	0.82%
	1.53%

	
	
	
	

	At 70% Resource Utilization
	
	
	

	Mean throughput gain (bps/Hz)
	0.0232
	0.1778
	0.4678

	tput gain (kbps)
	464
	3556
	9356

	Effective DL CSI Ovhd / Mean Tput Gain
	2.80%
	0.31%
	0.55%

	
	
	
	

	5% cell edge gain (bps/Hz)
	0.04158
	0.06128
	0.20695

	tput gain (kbps)
	832
	1226
	4139

	Effective DL CSI Ovhd / 5% Tput Gain
	1.56%
	0.91%
	1.24%



Metric 2: Worst case uplink overhead 
A second metric is the absolute amount of uplink overhead under worst case conditions.  In this case, we can assume a MCS, say rate 1/3 QPSK, 8 bits CRC, and a CSI transmission rate of 50 Hz, 20 MHz system bandwidth, and 2 OFDM symbols overhead for PDCCH.  Worst case CSI overheads of rank 2 can be assumed (although at low SINR, most of the time, the CSI payload should be only rank 1).  Furthermore, we note that ITU IMT-Advanced requirements have a minimum uplink 5% spectral efficiency of 0.05 Hz, as reflected in [3].  
Given these assumptions, we can compare the CSI overhead to the minimum requirement, and consider the average PRB occupancy as another metric.  We can see that the worst case cell edge UE would have to have 0.9% to 3.9% of its average uplink throughput used for CSI overhead.  Furthermore, we note that the lowest absolute uplink overhead is actually for the orthogonal scheme with L=2 beams.
Observations:
· The worst case cell edge UE will have a small fraction of its uplink used for advanced CSI.
· About 0.9% to 3.9% of its average uplink throughput would be used for CSI overhead.  
· The lowest absolute uplink overhead is for the orthogonal scheme with L=2 beams
  
Table 2: Worst Case Uplink Overhead vs. 5% Uplink Throughput for Various Advanced CSI Codebooks and Configurations with 32 Ports
	Using fixed rate assumptions
	Non-Orthogonal L=2, QPSK
	Orthogonal L=2, QPSK
	Orthogonal L=4, 8PSK

	System bandwidth (MHz)
	20
	20
	20

	Minimum 5% Spectral Efficiency
	0.05
	0.05
	0.05

	CSI transmission rate (Hz)
	50
	50
	50

	Code Rate
	0.333
	0.333
	0.333

	CRC bits
	8
	8
	8

	Bits / Symbol
	2
	2
	2

	CSI symbol rate (ksps)
	14.85
	8.925
	39

	Avg. UL PRBs / subframe
	0.10
	0.06
	0.27

	
	
	
	

	Minimum 5% Throughput (kbps)
	1000
	1000
	1000

	CSI Overhead / Minimum 5% Tput
	1.49%
	0.89%
	3.90%


Conclusions
In this contribution, we have analyzed the ‘gain vs. pain’ of advanced CSI throughput enhancement vs. its cost in terms of overhead.  We considered two metrics: an effective gain penalty which quantifies the amount of overhead as a fraction of the throughput gain for advanced CSI techniques, and an absolute overhead cost, as compared to the throughput a UE meeting ITU IMT-Advanced requirements would meet.  We made the following observations:
Observations:
· The (higher overhead) orthogonal schemes actually have more net gain (lower gain penalty from overhead) than the non-orthogonal scheme.
· Depending on conditions, the orthogonal schemes’ gain penalties are as much as 3-5x lower than the non-orthogonal scheme.
· All schemes have a very low overhead gain penalty: overhead costs less than 5% of the throughput gains.  
· The worst case cell edge UE will have a small fraction of its uplink used for advanced CSI.
· About 0.9% to 3.9% of its average uplink throughput would be used for CSI overhead.  
· The lowest absolute uplink overhead is for the orthogonal scheme with L=2 beams
Given these observations, we propose:
Proposal:
· Advanced CSI schemes with comparable overhead to those proposed in [1] are supported in Rel-14.
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CSI overhead for the schemes described herein can be calculated as follows.  Other details are in [1].   
For the non-orthogonal design, we assume W1 uses 8 bits, and W2 uses 14 bits with 4 beams and QPSK phase combining.  Further details are in [2] as well as [1].
For the orthogonal beam design, W1 consists of:
· Beam selection: Provide an unconstrained selection of  orthogonal (2D) DFT beams in order to ensure that the selected beams correspond to the multi-path components of the channel. Hence, beam selection is not limited to select beams from a subset of beams.
· Beam power allocation: Setting the relative power level of the beams in the precoder so that the relative strength of the different multi-path components of the channel are taken into account.
· Beam space rotation: Rotating the orthogonal DFT basis from where beam selection is done in order to maximize the channel energy captured by the precoder, similar to oversampling.
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The W2 orthogonal beam design includes:
· Beam co-phasing: Co-phasing of the selected beams in .

We consider an example 32 antenna port design with the following conditions:
20 MHz carrier with  subbands
4 2D port layout
 times oversampling of the DFT beams in the first and second dimensions
 beams in W1
3 bits identifying beam power in W1
 identifying beam co-phasing per subband in W2
 These components require the following overhead per cell or CSI process:
· For W1 (wideband):
· Beam rotation:  = 4 bits
· Beam selection (leading beam):  bits = 4 bits
· Beam selection (last  beams): = 9 bits
· Beam power:  bits = 9 bits
· Total for W1 in the example = 26 bits 
· For W2 (subband):  
· , assuming rank-2 report
· Total for W2 in the example = 546 bits
· For the non-orthogonal scheme, 4 beams are used in W1, which are combining using equal gain combining and QPSK phase combining
· For the proposed orthogonal scheme, , or 4 beams are used in W1, which are combined using 3 bit amplitude combining and Q/8-PSK phase combining 
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