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1 Introduction
In RAN1#62, a way forward on the extension of Rel-8 PUCCH reporting modes was agreed [1]. One of the candidate PUCCH modes for extension is the Rel-8 PUCCH mode 2-1 (or Rel-10 PUCCH mode 2-1):
·  Extension of Rel.8 PUCCH Mode 2-1

· W is determined from 3-subframe report conditioned upon the latest RI report
· Reporting format
· Report 1: RI and 1-bit precoder type indication (PTI)
· Report 2: 
· PTI = 0: W1 will be reported 
· PTI = 1: wideband CQI and wideband W2 will be reported 
· Report 3: 
· PTI = 0: wideband CQI and wideband W2 will be reported 
· PTI = 1: subband CQI, subband W2, 
· Transmission of subband selection indicator versus predefined cycling is FFS
· For 2 and 4 tx, PTI is assumed to be set to 1 and is not signalled 
In this contribution, we express our views on the feedback overhead of Rel-10 PUCCH mode 2-1. We present some analysis on the feedback overhead and the overall CSI feedback error rate. 
2 Rel-10 PUCCH mode 2-1 feedback overhead analysis
An overview of the overhead of each Report Type for Rel-8 mode 2-1 and Rel-10 mode 2-1 is given in Table 1 to Table 4, assuming an L-bit label indicating the UE-selected subband is also transmitted along with subband CQI and subband W2 in Report 3.
Table 1: Feedback overhead of reports for Rel-8 PUCCH Mode 2-1 for 4 TX (L=2)
	Report
	Rank = 1
	Rank = 2,3,4

	RI
	2 bits
	2 bits

	WB CQI + WB PMI
	8 bits (4+4)
	11 bits ([4+3]+4)

	SB CQI + L-bit label
	6 bits (4+2)
	9 bits ([4+3]+2)


Table 2: Feedback overhead of reports for Rel-10 PUCCH Mode 2-1 for 4 TX (L=2)
	Report
	Rank = 1
	Rank = 2,3,4

	RI 
	2 bits
	2 bits

	WB CQI + WB W2
	8 bits (4+4)
	11 bits (4+3+4)

	SB CQI + SB W2 + L-bit label
	10 bits (4+4+2)
	13 bits ([4+3]+4+2)


Table 3: Feedback overhead of reports for Rel-10 PUCCH Mode 2-1 for 8 TX when PTI=0
	Report
	Rank = 1
	Rank = 2
	Rank = 3
	Rank = 4
	Rank = 5 to 8

	RI + PTI
	4 bits (3+1)
	4 bits (3+1)
	4 bits (3+1)
	4 bits (3+1)
	4 bits (3+1)

	W1
	4 bits
	4 bits
	2 bits
	2 bits
	2 bits

	WB CQI 
+ WB W2
	8 bits (4+4)
	11 bits ([4+3]+4)
	11 bits ([4+3]+4)
	10 bits ([4+3]+3)
	7 bits ([4+3]+0)


Table 4: Feedback overhead of reports for Rel-10 PUCCH Mode 2-1 for 8 TX when PTI=1 (L=2)
	Report
	Rank = 1
	Rank = 2
	Rank = 3
	Rank = 4
	Rank = 5 to 8

	RI + PTI
	4 bits (3+1)
	4 bits (3+1)
	4 bits (3+1)
	4 bits (3+1)
	4 bits (3+1)

	WB CQI + WB W2
	8 bits (4+4)
	11 bits ([4+3]+4)
	11 bits ([4+3]+4)
	10 bits ([4+3]+3)
	7 bits ([4+3]+0)

	SB CQI + SB W2 + L-bit label
	10 bits (4+4+2)
	13 bits ([4+3]+4+2)
	13 bits ([4+3]+4+2)
	12 bits ([4+3]+3+2)
	9 bits ([4+3]+0+2)


Clearly, from Table 2 and 4 the 11-bit maximum payload is exceeded for the following cases which are all corresponding to SB reports:
1. {SB CQI + SB W2 + L-bit label} report for 4 TX rank=2,3,4: 13 bits
2. {SB CQI + SB W2 + L-bit label} report for 8 TX rank=2,3: 13 bits
3. {SB CQI + SB W2 + L-bit label} report for 8 TX rank=4: 12 bits
A method to reduce the overhead of the SB reports is needed. We see three simple alternatives as follows:
· Alt 1: Remove the need for the L-bit label signaling and redefine the SB CQI and the SB W2 reports such that they correspond to the transmission over the associated BP
· Alt 2: Reduce the signaling overhead of SB CQIs through differential encoding with respect to the WB CQIs report transmitted previously
· Alt 3: Reduce the overhead of SB W2 by codebook subsampling
Alt 1

According to [1], when PTI=1 whether an L-bit label per bandwidth part (BP) is transmitted or a predefined cycling is used, is still FFS. The detail of predefined cycling is also unclear. Alt 1 reduces the overhead by removing the need for the L-bit label signaling (1 bit for the 3MHz bandwidth, 2 bits for the other bandwidths) and redefines the SB CQI and the SB W2 reports such that they correspond to the transmission over the associated BP, instead of one selected subband of the BP. 
This method increases significantly the “subband report” frequency granularity for both CQI and W2 and is expected to have significant impact on performance for highly frequency selective channel. 
Whilst it is possible to apply Alt 1 to only the cases where the 11-bit limit is exceeded, it is preferred to apply it to all cases for commonality and simplicity. The overhead of {SB CQI + SB W2 + L-bit label} report can be reduced by 1 bit for the 3MHz bandwidth, 2 bits for the other bandwidths (see Table 5 and Table 6).
Table 5: Feedback overhead of reports for Rel-10 Mode 2-1 for 4 TX (L=2) (Alt1)
	Report
	Rank = 1
	Rank = 2,3,4

	RI 
	2 bits
	2 bits

	WB CQI + WB W2
	8 bits (4+4)
	11 bits (4+3+4)

	SB CQI + SB W2 + L-bit label
	8 bits (4+4+0)
	11 bits ([4+3]+4+0)


Table 6: Feedback overhead of reports for Rel-10 Mode 2-1 for 8 TX when PTI=1 (L=2) (Alt1)
	Report
	Rank = 1
	Rank = 2
	Rank = 3
	Rank = 4
	Rank = 5 to 8

	RI + PTI
	4 bits (3+1)
	4 bits (3+1)
	4 bits (3+1)
	4 bits (3+1)
	4 bits (3+1)

	WB CQI + WB W2
	8 bits (4+4)
	11 bits ([4+3]+4)
	11 bits ([4+3]+4)
	10 bits ([4+3]+3)
	7 bits ([4+3]+0)

	SB CQI + SB W2 + L-bit label
	8 bits (4+4+0)
	11 bits ([4+3]+4+0)
	11 bits ([4+3]+4+0)
	10 bits ([4+3]+3+0)
	7 bits ([4+3]+0+0)


Alt 2

In Rel-8 mode 2-1, the SB CQI of codeword 0 has the full granularity of 4 bits and the SB CQI of codeword 1 is encoded differentially with respect to the SB CQI of codeword 0 using 3 bits, i.e. codeword 1 offset level = subband CQI index for codeword 0 – subband CQI index for codeword 1. Alt 2 reduces the signaling overhead of SB CQIs by changing the differential encoding method, i.e. through differential encoding with respect to the WB CQI report previously transmitted. SB CQI report overhead can be used by encoding the SB CQI of codeword 0 differentially with respect to the WB CQI of codeword 0 using 2 bits and similarly with SB CQI of codeword 1, i.e.
· Codeword 0 offset level = subband CQI index for codeword 0 – wideband CQI index for codeword 0

· Codeword 1 offset level = subband CQI index for codeword 1 – wideband CQI index for codeword 1

One way to encode the SB CQIs is to reuse the differential encoding table for the Higher Layer-configured subband feedback for PUSCH given by:

Table 7: Mapping subband differential CQI value to offset level (from Table 7.2.1-2 in TS 36.213)

	Subband differential CQI value
	Offset level

	0
	0

	1
	1

	2
	(2

	3
	(-1


Whilst it is possible to apply Alt 2 to only the cases where the 11-bit limit is exceeded, it is preferred to apply it on all cases for commonality and simplicity. The overhead of {SB CQI + SB W2 + L-bit label} report can be reduced by 3 bits for rank >1 and by 2 bits for rank 1 (see Table 8 and Table 9).
Alt 2 introduces dependency with the WB CQI report and reduces the granularity of SB CQIs significantly which will degrade link adaptation performance for highly frequency-selective channel. On the other hand, the overhead reduction achieved is more compared to Alt 1. 
Table 8: Feedback overhead of reports for Rel-10 Mode 2-1 for 4 TX (L=2) (Alt2)
	Report
	Rank = 1
	Rank = 2,3,4

	RI 
	2 bits
	2 bits

	WB CQI + WB W2
	8 bits (4+4)
	11 bits (4+3+4)

	SB CQI + SB W2 + L-bit label
	8 bits (2+4+2)
	10 bits ([2+2]+4+2)


Table 9: Feedback overhead of reports for Rel-10 Mode 2-1 for 8 TX when PTI=1 (L=2) (Alt2)
	Report
	Rank = 1
	Rank = 2
	Rank = 3
	Rank = 4
	Rank = 5 to 8

	RI + PTI
	4 bits (3+1)
	4 bits (3+1)
	4 bits (3+1)
	4 bits (3+1)
	4 bits (3+1)

	WB CQI + WB W2
	8 bits (4+4)
	11 bits ([4+3]+4)
	11 bits ([4+3]+4)
	10 bits ([4+3]+3)
	7 bits ([4+3]+0)

	SB CQI + SB W2 + L-bit label
	8 bits (2+4+2)
	10 bits ([2+2]+4+2)
	10 bits ([2+2]+4+2)
	9 bits ([2+2]+3+2)
	6 bits ([2+2]+0+2)


Alt 3
Alt 3 reduces the overhead of SB W2 by codebook subsampling. For the 8-TX antenna configuration, this can be achieved by restricting the set of selection hypotheses in the W2 codebook. For the 4-TX antenna configuration, W2 codebook is the same as Rel-8 4 TX codebook, hence predefined restriction on the elements in the codebook available for selection can be introduced. This alternative reduces the precoding gain, although the extent of performance degradation is expected to be small. 
Alt 3 has the advantage that it is reasonable to target its application only to the problematic cases since the W2 codebook is anyway dependent on the antenna configuration and the reported rank. Assuming the number of selection hypotheses is halved for the cases concerned, For 4 TX, the overhead of {SB CQI + SB W2 + L-bit label} report can be reduced by 2 bits for rank >1. For 8 TX, the overhead of {SB CQI + SB W2 + L-bit label} report is reduced by 2 bits and 1 bit for rank 2&3 and rank 4, respectively.
Table 10: Feedback overhead of reports for Rel-10 PUCCH Mode 2-1 for 4 TX (L=2) (Alt3)
	Report
	Rank = 1
	Rank = 2,3,4

	RI 
	2 bits
	2 bits

	WB CQI + WB W2
	8 bits (4+4)
	11 bits (4+3+4)

	SB CQI + SB W2 + L-bit label
	10 bits (4+4+2)
	11 bits ([4+3]+2+2)


Table 11: Feedback overhead of reports for Rel-10 Mode 2-1 for 8 TX when PTI=1 (L=2) (Alt3)
	Report
	Rank = 1
	Rank = 2
	Rank = 3
	Rank = 4
	Rank = 5 to 8

	RI + PTI
	4 bits (3+1)
	4 bits (3+1)
	4 bits (3+1)
	4 bits (3+1)
	4 bits (3+1)

	WB CQI + WB W2
	8 bits (4+4)
	11 bits ([4+3]+4)
	11 bits ([4+3]+4)
	10 bits ([4+3]+3)
	7 bits ([4+3]+0)

	SB CQI + SB W2 + L-bit label
	10 bits (4+4+2)
	11 bits ([4+3]+2+2)
	11 bits ([4+3]+2+2)
	11 bits ([4+3]+2+2)
	9 bits ([4+3]+0+2)


Observation 1:

Among the three alternatives, Alt 3 is preferred in our view due to its smaller impact on performance (without consideration of CSI feedback error rate). 
One concern for Alt 3 is its relatively higher SB report overhead compared to Alt 2 which has some impact on the overall CSI feedback error rate. In the next section, we examine the CSI feedback error rates of the different alternatives.
3 CSI feedback error rate analysis
Using the same method in [3], we compare the overall CSI feedback error rate of the Rel-10 mode 2-1 for the three alternatives detailed in the previous section. As the reports are not self-contained, the eNB needs to receive all reports successfully for optimal operation. The overall CSI feedback error rate for 4 bandwidth parts (15MHz and 20MHz) is given by:
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where 
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  from [3], which correspond to PUCCH format 2 error rate performances with 2 bits (4 bits if PTI included), 11 bits and {9, 10, 11} bits, respectively. 
For the 4-TX antenna configuration, the overall CSI feedback error rates for RI=2/3/4 (worst case) for Rel-8 mode 2-1 and Rel-10 mode 2-1 with Alt 1, 2, or 3 applied are shown in Figure 1. It is observed that there is a significant difference in the CSI feedback error rates. Compared with Rel-8 mode 2-1, the increase in CSI feedback error rate is ~1dB degradation at 10-1 error rate for Rel-10 mode 2-1 with Alt1/3 applied, but it is reduced to ~0.3dB degradation at 10-1 error rate for Rel-10 mode 2-1 with Alt2 applied even though there is only one bit difference in the SB report. The difference between Alt 1/3 and Alt 2 is ~0.7 dB at 10-1 error rate. This result illustrates the sensitivity of CSI feedback error to the number of bits in the SB report. 
For the 8-TX antenna configuration, the overall CSI feedback error rates for RI=2/3 (worst case) for Rel-10 mode 2-1 with Alt 1, 2, or 3 applied are shown in Figure 2. As the overall error rate is dominated by large-sized WB and SB reports, the RI+PTI report causes minimal impact to the overall error rate. Therefore, similar observation as in the 4-TX case also applies here, i.e. the difference between Alt 1/3 and Alt 2 is ~0.7 dB at 10-1 error rate.

Observation 2:

Although Alt 3 has worse overall CSI error rate compared to Alt 2, we note that it can be mitigated through PUCCH power control. It is expected that this mode is mainly beneficial for non-power limited UEs, hence considering that Alt 3 will result in the least impact on performance degradation given the same feedback error rate, our preference is Alt 3.
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Figure 1: Overall CSI feedback error rate for 4 TX when reported RI=2/3/4
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Figure 2: Overall CSI feedback error rate for 8 TX when reported RI=2/3
4 Summary
In this contribution, we analyses the feedback overhead of Rel-10 PUCCH mode 2-1. The 11-bit maximum payload is exceeded for the following cases which are all corresponding to subband reports:

1. {SB CQI + SB W2 + L-bit label} report for 4 TX rank=2,3,4: 13 bits

2. {SB CQI + SB W2 + L-bit label} report for 8 TX rank=2,3: 13 bits

3. {SB CQI + SB W2 + L-bit label} report for 8 TX rank=4: 12 bits
We explored three alternatives to resolve this problem:
· Alt 1: Remove the need for the L-bit label signaling and redefine the SB CQI and the SB W2 reports such that they correspond to the transmission over the associated BP
· Alt 2: Reduce the signaling overhead of SB CQIs through differential encoding with respect to the WB CQIs report transmitted previously
· Alt 3: Reduce the overhead of SB W2 by codebook subsampling
We analysed the feedback overheads and the overall feedback error rates for the three alternatives. We observed that Alt 3 will result in the least impact on performance degradation given the same feedback error rate, compared to Alt 1 and Alt 2. Although Alt 3 has a worse overall CSI error rate compared to Alt 2, we note that it can be mitigated through PUCCH power control and it is expected that this mode is mainly beneficial for non-power limited UEs. Therefore, our preference is Alt 3.
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