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1 Introduction

In RAN1#62 meeting, RAN1 reached an important agreement regarding periodic PUCCH CSI feedback in [1].These agreements represent the progress RAN1 has made regarding DL MU-MIMO CSI feedback reporting. Three modes are supported, two of which are extensions of existing mode 1-1, and the third mode is an extension of current mode 2-1. With very limited time left before Rel-10 completion, it is now time to put the effort to decide the exact bits carried on PUCCH in each CSI mode.

In this contribution we provide our views on signaling of CSI on PUCCH. Especially we outline our views on codebook subsampling as required by mode 1-1 under CSI mode 1 and CSI mode 2.  We also discuss the remaining details on Mode 2-1.
2 Codebook subsampling on PUCCH Mode 1-1
In [6], the 8Tx codebook has been agreed and codebook definition can be found in [5].  To keep the maximum overhead of report (limited by PUCCH format) the same as in Rel-8/9, codebook sub-sampling has to be implemented.  According to the agreement regarding PUCCH CSI reporting, two possible modes extended from Rel-8/9 mode 1-1 shall be considered. We design the sub-sampling scheme for these two modes in the following sections.
2.1 Codebook subsampling for CSI mode I
· Subsampling of C1
For PUCCH extension 1-1 with RI and W1 signaled in the same frame, the focus is how to subsample the joint encoded RI/W1 in CSI mode 1.  The overlapping part from C1 codebook for rank 1-2 is not expected to obtain any significant performance benefit for wideband precoding so we consider removing them.  The overlapping part for rank3-4 might be kept since it would not increase the number of bits needed for joint encoding and potential gain is expected.
Two alternatives of the joint encoding of W1 and RI are shown in Table 1, where Alt1 is the preferred scheme between them. 5 bits is required as there are 31 hypotheses for ranks up to 8.  
	
	RI=1
	RI=2 
	RI=3
	RI=4 
	RI=5 
	RI=6 
	RI=7 
	RI=8 
	

	RI/W1 states
	8 
	8
	4 
	4 
	2 
	2 
	2 
	1 
	Alt1:Total 31 states

	
	8 
	8
	2 
	2 
	4 
	4
	2
	1
	Alt2:Total 31 states


Table 1 Example of subsampling of joint RI/W1
We notice that there is another potential issue about the codebook for rank 5-8.  We propose minor modification of the current codebook format representation (No change of the codebook itself). For example , for rank 5 codebook in Table 6.3.4.2.3-7 [5] ,we propose that Table 2 can be used instead.
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Table 2 Codebook for 5-layer CSI reporting using antenna ports 15 to 22.
The advantage of this representation is there’s no extra bit required for W1(Rank,5,6,7).and PMI for Rank5,6,7 can be reported in short term/per subband.  Subband PMI can be useful for rank5-7 cases as high rank usually happens in uncorrelated channel which is more frequency selective.  Another example of the joint encoding of W1 and RI for this case is shown in Table 3.  Since rank5-8 each has one state only in this case, more states can be allocated to rank1-4 which can improve the rank1-4 performance comparing with table 1.
	
	RI=1
	RI=2 
	RI=3
	RI=4 
	RI=5 
	RI=6 
	RI=7 
	RI=8 
	

	RI/W1 states
	8 
	16
	2 
	2 
	1 
	1 
	1 
	1 
	Alt3:Total 31 states

	
	16 
	8
	2 
	2 
	1 
	1
	1
	1
	Alt4:Total 31 states

	
	8
	8
	4
	4
	1
	1
	1
	1
	Alt5:Total 28 states


Table 3 Example of sub-sampling of C1 for joint RI/W1
· Subsampling of C2
Although subsampling of the C2 is not required in CSI mode 1 as PMI i2 and CQI can fit into the 11 bit payload even without subsampling, subsampling could effectively improve uplink coverage further as mentioned in [2].  Three alternatives are given in Table4.
	
	RI=1
	RI=2 
	RI=3
	RI=4 
	

	Subsampled C2
(i2 index)
	0,2,9,11
	0,4,8,12
	0,5,10,15
	0,2,4,6 
	Alt1: 2bit for Rank1-4

	
	0,2,4,6,9,11,13,15
	0,1,4,5,10,11,14,15
	0,2,5,7,8,10,13,15
	0,1,2,3,4,5,6,7
	Alt2: 3bit for Rank1-4

	
	Full set
	Full set
	Full set
	Full set
	Alt3:   Full set


Table 4 Example of sub-sampling of C2 for wideband W2
2.2 Performance evaluation for CSI mode I
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[image: image4.wmf]l

SU/MU-MIMO XPOL high Spread 15
[image: image5.wmf]o

 (Average SE / cell edge SE)
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 (Average SE / cell edge SE)

	C1: Alt1 and C2:Alt1 
	3.1717/0.1022
	3.7195/0.1142

	C1: Alt1 and C2:Alt2 
	3.2448/0.1029
	3.7888/0.1133

	C1: Alt1 and C2: Full set
	3.2502/0.1025
	3.7923/0.1139

	C1: Full set and C2: Full set
	3.2542/0.1023
	3.7983/0.1144


Observations:
· Using Alt1 in table 1 for C1 subsampling doesn’t degrade much.  The overlapping part from C1 codebook for rank 1-2 can be removed for joint coding of RI and W1. 
· Using Alt2 in table 4 for 3-bit C2 subsampling doesn’t degrade much comparing with the full set case.  C2 subsampling also improves the PUCCH coverage.  Therefore, 3bit subsampled C2 codebook is recommended.
2.3 Codebook subsampling for CSI mode II
For CSI mode 2, W1 and W2 are signaled in the same subframe.  For each rank, a subset of codebook C1 and/or subset of codebook C2 are used to ensure a total payload size (W1 and W2 and CQI(s)) of at most 11 bits. To form these subsets, codebook C1 and codebook C2 are sub-sampled either separately or jointly.
For rank1, the codewords can be parameterized by the DFT angle of the ULA part and the inter-polarization phases. There are different ways to allocate bits for DFT angles and the polarization phases [7].  Note that CQI is only 4bit as no delta CQI is needed. Therefore, up to 7 bit can be used for rank1 subsampled C1+C2.  There are 7 alternatives in the Table 5 for rank1. 4D with alternating P here means these 16 DFT angles are matched with alternating phases.  Comparing with the separate subsampling of the first 6 alternatives, Alt7 uses joint subsampling to achieve this.
	
	Bit allocation for rank1 (4 to 7 bits)

	Subsampled C1+C2
	Alt1:  5D2P
	7bits:   i1: 0,2,4,6…14 , i2: full set 

	
	Alt2:  4D2P
	6 bits:  i1:0,2,4,6…14 , i2: 0,1,2,3,8,9,10,11

	
	Alt3:  3D2P
	5 bits:  i1:0,2,4,6…14 , i2: 0,1,2,3

	
	Alt4:  4D1P
	5 bits:  i1:0,2,4,6…14 , i2: 0,2,8,10  

	
	Alt5:  4D0P
	4 bits:  i1:0,2,4,6…14 , i2: 2,10

	
	Alt6:  3D1P
	4 bits:  i1:0,2,4,6…14 , i2: 0,2

	
	Alt7:  4D with alternating P (joint subsampling)
	4 bits:  i1:0,1,2,3…15 , i2: mod4(i1)


Table 5 Example of sub-sampled rank 1 codebook 

For rank2, another parameter in the codebook is the difference in the DFT angle between the two columns of the precoder.  Here we follow the notation as suggested in [7].  Indexing the DFT angle of the full codebook from 0 to 31, the angle offset between the columns can range from 0 to 3. The notation for different codebooks can be explained with the example (3D1P) OFF1 where 3 is the number of DFT bits and 1 is the number of phase bits and 1 is the difference in the DFT angle between the two columns of the precoder. There are also 7 alternatives as shown in the Table 6.  
	
	 Bit allocation for rank2 (4bits)

	Subsampled C1+C2
	Alt1:  4D0POFF0
	               i1:0,2,4,6…14 , i2: 0,4

	
	Alt2:  3D1POFF0
	               i1:0,2,4,6…14 , i2: 0,1

	
	Alt3:  4D0POFF1
	               i1:0,1,2,3…15 , i2: 8

	
	Alt4:  3D1POFF1
	               i1:0,2,4,6…14 , i2: 8,9

	
	Alt5:  4D0POFF2
	               i1:0,1,2,3…15 , i2: 12

	
	Alt6:  3D1POFF2
	               i1:0,2,4,6…14 , i2: 12,13

	
	Alt7:  4D with alternating P
	i1:0,2,4,6…14 , i2: 0,5


Table 6 Example of sub-sampled rank 2codebook 

When we consider the subsampling scheme, nested property between ranks shall be maintained, whenever possible. At least 8 uniformly spaced beam directions for XPOL and 16 uniformly spaced beam directions for ULA antennas setups shall be supported primarily due to better beam granularity for MU-MIMO performance.  Search complexity should also be considered.  Considering bit width allocation, the PUCCH coverage should be considered.  If we use 4bits for rank1 (i.e. don’t fully use 7bits), PUCCH coverage can be kept as the same as Rel-8 and it also leaves a room for MU CQI enhancement in future.  
According to the performance evaluation in the next section, our preference is 4bit “4D with alternating P” for both rank1 and 2.  This 4bit design has good performance both in XPOL and ULA antenna configuration and low search complexity and high robustness for cell edge UEs.  Nested property between rank1 and 2 can also be kept. 
For rank3 and 4, different subsampled codebooks are proposed in [2],[8]-[13].  
In [14], we also give our design based on joint subsampling:
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	Rank4

	
[image: image24.wmf](4)

0,8,0

W


	
[image: image25.wmf](4)

4,12,0

W


	
[image: image26.wmf](4)

8,16,0

W


	
[image: image27.wmf](4)

12,20,0

W


	
[image: image28.wmf](4)

16,24,0

W


	
[image: image29.wmf](4)

20,28,0

W


	
[image: image30.wmf](4)

24,0,0

W


	
[image: image31.wmf](4)

28,4,0

W



	
[image: image32.wmf](4)

2,10,1

W


	
[image: image33.wmf](4)

6,14,1

W


	
[image: image34.wmf](4)

10,18,1

W


	
[image: image35.wmf](4)

14,22,1

W


	
[image: image36.wmf](4)

20,28,1

W


	
[image: image37.wmf](4)

22,30,1

W


	
[image: image38.wmf](4)

26,2,1

W


	
[image: image39.wmf](4)

30,6,1

W




Table 7 4bit Jointly Subsampled codebook for PUCCH 1-1 mode2
There are three alternatives: 
	
	RI=3,4

	Subsampled C1+C2
	Alt1:  1bit C1 + 3bit C2 [8]

	
	Alt2:  2bit C1 + 2bit C2 [2]

	
	Alt3:  Joint subsampling [14]


Table 8 three alternatives for sub-sampled rank 3,4 codebook 

All these alternatives have good performance.  To keep the nested property between ranks in CSI mode2 as much as possible, our preference is joint subsampled codebook for Rank 3 and 4 (i.e. Alt 3) . 
2.4 Performance evaluation for CSI mode II
	
	XPOL Low Spread 8(
	XPOL high Spread 15(
	ULA Low Spread 8(
	ULA high Spread 15(

	
	Cell average/ edge
	Cell average/ edge
	Cell average/ edge
	Cell average/ edge

	Alt1:  5D2P 7bit
	3.3491/0.1091
	3.2024/0.1015
	3.9876/0.1734
	3.5502/0.1422

	Alt2:  4D2P 6bit
	3.3436/0.1094
	3.2056/0.1044
	3.9841/0.1714
	3.5453/0.1424

	Alt3:  3D2P 5bit
	3.3401/0.1087
	3.1932/0.0990
	3.8225/0.1618
	3.4497/0.1351

	Alt4:  4D1P 5bit
	3.3410/0.1090
	3.2011/0.0989
	3.8022/0.1561
	3.4322/0.1295

	Alt5:  4D0P 4bit
	3.3326/0.1064
	3.1941/0.0973
	3.6585/0.1441
	3.3222/0.1298

	Alt6:  3D1P 4bit
	3.3246/0.1068
	3.1800/0.0982
	3.7613/0.1501
	3.3826/0.1308

	Alt7:  4D w alternating P, 4bit
	3.3271/0.1066
	3.1825/0.0968
	3.9948/0.1723
	3.5596/0.1416


Table 9 Performance evaluation of rank1 subsampled codebooks with 8x2, 0.5( SU/MU-MIMO
	
	XPOL Low Spread  8(
	XPOL high Spread 15(

	
	Cell average/ edge
	Cell average/ edge

	Alt1:  4D0POFF0
	3.2079/0.0967
	3.1149/0.0919

	Alt2:  3D1POFF0
	3.2108/0.0965
	3.1143/0.0921

	Alt3:  4D0POFF1
	3.1846/0.0966
	3.0905/0.0915

	Alt4:  3D1POFF1
	3.1806/0.0946
	3.0894/0.0884

	Alt5:  4D0POFF2
	3.1335/0.0928
	3.0459/0.0880

	Alt6:  3D1POFF2
	3.1390/0.0932
	3.0528/0.0873

	Alt7:  4D w alternating P
	3.2048/0.0964
	3.1238/0.0910

	Reference :Full set
	3.2417/0.0987
	3.1570/0.0916


Table 10 Performance evaluation of rank2 subsampled codebooks 8x2, 0.5( SU-MIMO 
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	Cell average/ edge

	Reference: Full set
	3.7983/0.1144

	Alt1 1bit C1 + 3bit C2 [8]
	3.7350/0.1121

	Alt2 2bit C1 + 2bit C2 [2]
	3.7535/0.1106

	Alt3: Joint subsampled CB [14]
	3.7568/0.1129


Table 11 Performance evaluation of rank3,4 subsampled codebooks 8x4, 4( SU-MIMO 
Observations:
· “4D with alternating P” performs the best among the 4-bit cases. It also provides good performance in both ULA and XPOL configurations.  4-bit design can keep the PUCCH coverage with only slight performance loss comparing with 5-7bit cases in rank1.  Our preference is the 4bit subsampling with “4D with alternating P” for both rank1 and 2.

· Joint subsampled codebook gives the best performance in rank3-4 evaluation.  Our preference is joint subsampled codebook for rank 3 and 4 (i.e. Alt 3)

3 Remaining details of PUCCH Mode 2-1

3.1 Periodicity of CSI Report

There are 3 reports in PUCCH mode 2-1.  In [15], different periodicity ratio between Report 2 and Report 3 was proposed. In our view, it will be very risky to have different periodicity ratios.  This can have serious error prorogation if PTI is decoded wrongly as shown in the figure xx below. This example shows that eNB will try to detect the reports in wrong subframes.  In additional to the impact on the reports 2 and 3, this can also affect subsequent detection of RI/PTI reports for a long period of time.
We also don’t see any significant benefit by having different periodicity ratios. So it is better to keep the same periodicity ratio between Report 2 and Report 3.  If we want to have different periodicity ratios, the periodicity ratio between Report 1 and Report 2 should also be carefully considered at the same time.
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Figure 1 Error prorogation problem when PTI is decoded wrongly
Another problem was mentioned in [18] that old W1 can’t match the new RI when RI is updated with PTI=1.  The following mechanisms for operation can avoid this problem:

· When PTI =1, RI value should be calculated conditioned on last reported W1 and RI with PTI =0.
· When PTI=1, subband W2 and subband CQI values should be calculated conditioned on the last reported W1 when PTI=0 and the last reported RI 
To solve this problem, we can put some restrictions on RI change.  For example, UE has to set PTI=0 when RI is changed so that W1 is always available whenever RI is changed.  Another approach is to allow certain RI change within a RI group when PTI=1.  An RI group is defined as the group of RI values which can share the same W1 based on the agreed codebook structure.  e.g. The same W1 can be used when RI is changed between rank1 and rank2 or between rank3 and rank4.  When RI group is changed (e.g. rank1 is changed to rank3), UE should set PTI=0 along with the RI change.  

Therefore, we suggest:
· Different periodicity ratios between Report 2 and Report 3 should be carefully considered.
· Forcing PTI to be zero when there is RI change or RI Group change should be considered. 

3.2 Subband CQI/PMI

For PUCCH mode 2-1, subband CQI/PMI should be carefully designed in order to fit in the payload size of the report 3 in the case of PTI = 1.  
There are three different ways to fit in subband CQI/PMI
· Alt. 1: removing L-bit subband indication and applying predefined subband cycling

· Alt. 2: removing L-bit subband indication and applying BP PMI2/CQI

· Alt. 3: use 3 bit subband CQI and 2 bit differential CQI 
	Scheme

scenarios
	Reference – full set
	Alt. 1
	Alt. 2
	Alt. 3

	
	Cell average/ edge
	Cell average/ edge
	Cell average/ edge
	Cell average/ edge

	4×2/SU-MIMO/XPOL 0.5
[image: image43.wmf]l

/case 1 15
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	2.6082/0.0664
	2.4624/0.0590
	2.5649/0.0630
	2.5162/0.0604

	4×2/MU-MIMO/ XPOL 0.5
[image: image45.wmf]l

/case 1 15
[image: image46.wmf]o


	2.6124/0.0691
	2.4683/0.0597
	2.5778/0.0653
	2.5296/0.0569

	4×2/SU-MIMO/ XPOL 4
[image: image47.wmf]l

/case 1 15
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	2.3962/0.0592
	2.2383/0.0502
	2.3475/0.0554
	2.3192/0.0513

	4×4/SU-MIMO/ XPOL 4
[image: image49.wmf]l

/case 1 15
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	3.5320/0.0563
	3.3724/0.0956
	3.4588/0.0981
	3.3201/0.0960

	8×2/SU-MIMO/ XPOL 0.5
[image: image51.wmf]l

/case 1 15
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	3.2911/0.0972
	3.1254/0.0842
	3.2474/0.0915
	3.2216/0.0947

	8×2/MU-MIMO/ XPOL 0.5
[image: image53.wmf]l

/case 1 15
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	3.3207/0.1024
	3.1916/0.0917
	3.3259/0.1009
	3.2477/0.0988

	8×2/SU-MIMO/ XPOL 4
[image: image55.wmf]l

/case 1 15
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	2.6856/0.0735
	2.5497/0.0666
	2.6696/0.0717
	2.6163/0.0705

	8×4/SU-MIMO/ XPOL 4
[image: image57.wmf]l

/case 1 15
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	3.9703/0.1258
	3.7926/0.1162
	3.8984/0.1200
	3.7584/0.1185


Table 12 Performance evaluation of subband CQI/PMI transmission alternatives
Observations:
· Alt2 outperforms Alt1 and Alt3 in all the above scenarios and there is only slight performance degradation seen when compare with the reference scheme with full set of subband PMI.
· For Alt1, performance loss is quite significant in both SU-MIMO and MU-MIMO.
4 Conclusion

In this contribution, we discuss the remaining details of PUCCH 1-1 and 2-1 design. Regarding PUCCH 1-1, we propose to focus on the details of subsampling design for both CSI mode 1 and 2 instead of discussing down selection of these two modes.  
· For CSI mode 1 of PUCCH 1-1, our proposals are:
· Use Alt1 in table 1 for C1 subsampling.  The overlapping part from C1 codebook for rank 1-2 can be removed.. 

· Use Alt2 in table 4 for C2 subsampling for rank1 to improve the PUCCH coverage. 
For CSI mode 2 of PUCCH 1-1, our proposals are:
· Use Alt7-“4D with alternating P” in table5&6 for C1 and C2 subsampling for rank1&2
· Use Alt3-“joint subsampling” in table 7 for C1 and C2 subsampling for rank3&4
For PUCCH 2-1, our proposals are:
· Forcing PTI=0 when there is RI change or RI group change should be considered.
· BP PMI2/CQI should be reported in report 3 with PTI=1.  
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Appendix
Table A2: System level simulation assumptions
	Parameter
	Assumption

	Cellular Layout 
	Hexagonal grid, 19 cell sites, 3 sectors per site with wraparound

	Number of users per cell
	10

	Distance-dependent path loss
	L=128.1 + 37.6log10(.R), R in kilometers @ 2GHz

	Inter-site distance
	500m

	Operating bandwidth (BW)
	10 MHz

	Penetration loss 
	20dB

	Distance-dependent path loss
	L=128.1  + 37.6log10(.R), R in km

	Shadowing standard deviation
	8 dB

	Shadowing correlation
	Inter-eNodeB: 0.5  Inter-cell: 1.0

	UE Speed
	3km/h

	Channel model
	3GPP Case1 3D – Urban Macro 

	Antenna spacing at (eNB,UE)
	((/2 or 4(,N/A) for 8x2, ((/2,N/A) for 4x2

	Antenna polarization for DP configurations
	+/-45(at eNB,  90/0(at UE

	CQI/PMI/RI reporting interval
	5ms for CQI/PMI, 20ms for RI

	CQI/PMI granularity 
	6RB granularity for subband CQI and subband PMI,

	Delay for scheduling and AMC
	6ms

	Scheduler 
	Proportional Fair

	Receiver
	MMSE-IRC

	HARQ Scheme
	Chase Combining

	Channel estimation

	Non-ideal

	MU Precoding algorithm
	Zero forcing
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