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Introduction
Remaining details CSI reporting mechanisms for advanced CSI were decided in RAN1#88, focusing mostly on the how to support PUCCH reporting that was agreed in the prior meeting RAN1#87.  However, during CR implementation it became clear that PUSCH reporting needed further discussion with respect to if relative power indication (‘i1,p’ in 36.212 and ‘RPI’ in 36.213) is encoded on PUSCH with RI or with CQI/PMI.  This aspect has a large impact on subband CSI reporting overhead, and so was important to resolve, although it was not feasible to do so in the short time available.  Therefore, it was concluded during the 36.212 and 36.213 CR reviews that i1,p encoding for PUSCH reporting will be discussed further at the next RAN1 meeting.
This contribution considers how i1,p should be encoded on PUSCH and related changes in 36.212 needed to reduce CSI overhead.  Issues of behavior for single beam reporting (ie, when i1,p=0) in 36.213 are also addressed.  Corrections to 36.212 and 36.213 are provided in companion CRs [1][2].
[bookmark: _Ref426729914]Single beam reporting in advanced CSI
The Rel-14 Advanced CSI codebook agreed in RAN1#87 was defined as:
· , 
· For rank 1:   , and 
· For rank 2:   , and 
· , , 
·  ;  , 
·  is the number of beams 
·  is a 2D DFT beam from oversampled grid
· 
· 
·    beam power scaling factor for beam 
· With 
·  beam combining coefficient for beam  and on polarization r and layer 
As can be seen, the relative power value  indicates the presence of a second beam (), and if present, its relative power: 0 dB, -3 dB, or -6 dB.  Having an ‘off’ state for the second beam provides two benefits: improved performance and, more importantly, the ability to significantly reduce overhead when the second beam is not present.
An alternative design to turning off the second beam would be to add another low power state instead of the ‘off’ state.  However, this has somewhat reduced performance, as can be seen in the example results below.  In this case, we use relative power states of  .  Simulation results for this case for a UMi scenario with a 16 port 8x4 array are given in Table 1 (detailed simulation assumptions are provided in the appendix). Here we can see that there is a small loss by using a weaker state than a full ’off’ state for the second beam: 5% cell edge throughput, and 2% mean user throughput.  A corollary is that even though eNB implementation is free to interpret the ’0’ power as some other small value, eNBs should interpret the ’off’ state as truly 0 power for the best performance.
[bookmark: _Ref478121703]Table 1: Performance with Second Beam ’Off’ State vs. Relative Power = -10 dB State
	Resource utilization [%]
	Relative Power Values
	Cell edge gain [%]
	Normalized UTP gain [%]

	70
	
	0
	0

	
	
	-5
	-2



The overhead of the advanced CSI codebook is largely set by the i2 PMI, which uses  bits, where  is the number of beams reported,  is the rank, and  is the number of subbands for which i2 is reported.  Presuming, for example, that 9 subbands are reported for a 10 MHz carrier, the number of bits reported for the i2 PMI is then as shown in Table 2.
[bookmark: _Ref478121683]Table 2: Number of Bits  of i2 PMI Overhead for 9 Subbands
	Beams
	Rank

	
	1
	2

	1
	18
	36

	2
	54
	108



We can observe that there is a vast difference in overhead between 1 and 2 beam: 54 vs. 18 and 108 vs. 36 bits for rank 1 and rank 2, respectively.  Therefore, there is a substantial benefit whenever one beam is present to adjusting the CSI payload to match the number of beams.
A more basic issue is actually what the second beam’s cophasing coefficients would mean if they were reported when .  In this case, since the PMI is determined using:
,
Presuming that ,  and   can be any value, and are undefined.  It therefore makes no sense to report i2 for the second beam in this case, since the values have no meaning.  In some UE implementations,  could be computed with scalar quantization of the beam powers, in which case it could be argued that the i2 bits for the second beam are defined, but just correspond to a beam that is weaker than -6 dB.  Then eNB could use such bits assuming some nominal low power as it approximates channel using the CSI feedback.  However, as shown above, it seems slightly better to set the power to zero, so the (very large) extra overhead actually comes with a small loss of performance.  Also, eNB has to assume a uniform behavior for UEs in their CSI feedback, and the most reasonable assumption is that it can’t rely on the second beam’s PMI to be accurate when .
Another issue is how to test reported i2 for the second beam with .  Such bits are at best associated with weak beams, and at worst completely random.  If they were reported, then testing these PMIs for the zero power beam seems quite challenging, if possible at all.
Observations:
 really should mean one beam is reported in the advanced CSI codebook
· Using  rather than some small power value improves performance
· Reporting bits for 2 beams with 1 beam present has 3x excess overhead
· For 10 MHz system bandwidths, 108 vs. 36 bits are needed for 2 beams vs. 1 beam with rank 2.
· The 2nd beam’s bits are either undefined or must be treated as unreliable when 
· Testing the i2 PMI with  is challenging, if even possible.
 
i1,p Encoding on PUSCH and Single Beam Reporting 
36.212 presently encodes i1,p with PMI/CQI in PUSCH reporting, which means that i1,p is not known until the full PMI/CQI is decoded.  Therefore, the PMI/CQI report size can’t be a function of i1,p, and must assume that i1,p>0, that is 2 beams are reported.  When instead 1 beam is reported (when i1,p=0), this worst case size is on the order of 3x too large.  Therefore, i1,p should be separately encoded from PMI/CQI.
Separately encoding RI or CRI from PMI/CQI allows the PMI/CQI field size to vary according to RI or CQI, and so the same principle can be used for separate encoding for i1,p.   Indeed, we note that CRI and RI are jointly encoded on PUSCH already, and since CRI has 1-3 bits while i1,p has two bits, fields with this size already mapped to rank indication field on PUSCH.  
RI and i1,p are jointly encoded on PUCCH already in 36.212.  Therefore, the same field size definitions can be used on PUSCH.  For example, in the rank 8 case with wideband reporting on PUSCH, the corresponding change to PUSCH reporting would look like the following:
Table 5.2.2.6.1-2G: Fields for joint report of i1,p-2 and RI feedback for wideband reports (transmission mode 9/10 configured with PMI/RI reporting with 8 antenna ports and higher layer parameter advancedCodebookEnabled= TRUE, and transmission mode 9/10 configured with PMI/RI reporting with 8/12/16/20/24/28/32 antenna ports, and higher layer parameters advancedCodebookEnabled and eMIMO-Type, and eMIMO-Type is set to ‘CLASS A’ and advancedCodebookEnabled=TRUE)
	Field
	Bit width

	
	Max 1 or 2 layers
	Max 4 layers
	Max 8 layers

	Rank indication
	1
	2
	3

	i1,p-2
	2
	2
	2






















The i1,p bits then need to be removed from the advanced CSI PMI/CQI tables, and then the PMI/CQI field size needs to be set according to whether one or two beams is carried.  One way to do this is to define a parameter M, that scales the feedback according to the number of beams, ie: is defined as if i1,p=0 and is otherwise .  A similar change is needed to adapt the field size for 1,2-1 and i1,2-2 since these are not reported if there is only one beam.   This can be implemented by revising the definition of  as follows: If i1,p>0 then the parameters  are defined as  and  for  and ,  and  for  and , and  and  for . If i1,p=0 then the parameters  are defined as and . 
Then an example field size for more than 8 antenna ports and ranks 1-4 with advanced CSI and wideband CQI with subband PMI reporting would be as follows, where affected parts of the table are highlighted.


[bookmark: OLE_LINK7][bookmark: OLE_LINK8]Table 5.2.2.6.1-1D-1: Fields for channel quality information feedback for wideband CQI and subband PMI reports (transmission mode 9/10 configured with higher layer parameters advancedCodebookEnabled and eMIMO-Type, and advancedCodebookEnabled= TRUE and eMIMO-Type is set to ‘CLASS A’ with codebook configuration  and CodebookConfig=1)
	Field
	Bit width

	
	Rank = 1
	Rank = 2
	Rank =3
	Rank =4

	Wideband CQI codeword 0
	4
	4
	4
	4

	Wideband CQI codeword 1
	0
	4
	4
	4

	Wideband first PMI i1,1-1
	[image: ]
	[image: ]
	

	


	Wideband first PMI i1,2-1
	[image: ]
	[image: ]
	

	


	Wideband first PMI i1,1-2
	

	

	0
	0

	Wideband first PMI i1,2-2
	

	

	0
	0

	Subband second PMI i2
	

	

	

	




Detailed changes can be found in [1].
Single beam reporting in 36.213


As discussed above, i1 or i2 for the second beam is not defined for single beam report (i.e. when or  in 36.213). This is not restricted at present, and so both i1 and i2 reporting needs some updating to avoid including the undefined states.


Updating i1 is straightforward due to the current indexing of the second beam.  The UE only needs to not report i1 corresponding to the second beam (‘’) if .  
[bookmark: _GoBack]Changing i2 to avoid the undefined second beam states requires a bit more effort.  Since i2 is a composite of cophasing values over all ranks and numbers of beams, it needs to be structured such that if 1 beam is reported, i2 is mapped to 0..3 and 0..15 so that it occupies 2 and 4 bits for rank 1 and rank 2 respectively.  With two beams, it should map to 0..63 and 0..4097, occupying 6 and 12 bits.   The current mapping of i2 is such that the cophasing for the single beam case is not in the low order bits of the index.  In order to fix that, we need to arrange the indices different, by swapping q1 and q3: i.e.



Should be:






And when , if we define  and set , then the bits map as described above.
Detailed changes can be found in [2].
Conclusion
This contribution has considered single beam reporting in advanced CSI, including the interpretation of when relative power is 0, and the implications on overhead if 2 beam CSI is always reported.  We made the following observations: 
Observations:
 really should mean one beam is reported in the advanced CSI codebook
· Using  rather than some small power value improves performance
· Reporting bits for 2 beams with 1 beam present has 3x excess overhead
· For 10 MHz system bandwidths, 108 vs. 36 bits are needed for 2 beams vs. 1 beam with rank 2.
· The 2nd beam’s bits are either undefined or must be treated as unreliable when 
· Testing the i2 PMI with  is challenging, if even possible.
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	Simulation Parameters

	Carrier frequency
	2 GHz 

	Bandwidth
	10 MHz 

	Scenarios
	3D UMi 200m ISD

	Antenna Configurations
	16 TX: 8x4 with 4x1 virt., UMi (108° tilt)

	Cell layout
	57 homogeneous cells 

	Wrapping
	Radio distance based

	UE receiver
	MMSE-IRC

	CSI periodicity
	5 ms

	CSI delay 
	5 ms

	CSI mode
	PUSCH Mode 3-2

	Advanced CSI codebook (when used)
	According to working assumption
Number of beams 2
Beam space rotation hypotheses per dimension: 4
Beam power: Wideband, 4 States
Co-phasing: Q-PSK 

	Outer loop Link Adaptation
	Yes, 10% BLER target

	UE noise figure 
	9 dB

	eNB Tx power 
	41 dBm (UMi)

	Traffic model
	FTP Model 1, 100 kB packet size

	UE speed 
	3 km/h

	Scheduling 
	Proportional fair in time and frequency
Max 8 MU layers

	DMRS overhead
	2 DMRS ports

	CSI-RS
	Overhead accounted for.  
Channel estimation error modeled.

	HARQ
	Max 5 retransmissions

	Antenna spacing
	0.8 lambda in vertical, 0.5 lambda in horizontal

	Handover margin
	3 dB

	Transmission Mode
	TM10, with non-shifted CRS
MU-MIMO
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