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1 Introduction
CSI feedback signalling on PUCCH has been discussed extensively in the last meeting and the result was two separate way forwards which are to be further discussed [1]

 REF _Ref269134769 \n \h 
[2].

In RAN1#61[3], the following was agreed regarding the PUCCH feedback. 

· Periodic PUCCH

· Natural extension of CQI/PMI/RI modes from Rel-8/9 within R1-101683 framework

· W1/W2 reporting procedure

· CSI Mode 1: W1 and W2 are signaled in separate subframes

· W2 could be wideband or subband

· CSI Mode 2: W is determined by a single report confined to a single subframe, e.g.

· one of W1/W2 could be fixed and hence does not need to be signaled 

· W1/W2 is not fixed but still does not necessarily need to be signaled

· But the precoder W is still derived from W1 and W2

· W2 could be wideband (i.e., subband size could be the system bandwidth)

· FFS: RI and CQI reporting details
It has also been shown that the feedback accuracy of 4 TX can be enhanced in Rel-10 as agreed by co-signing companies in [4] and subband precoding feedback on PUCCH is one area where enhancement can be achieved over the Rel-8/9 feedback schemes. 

In this contribution, we express our views on CSI mode 1 on PUCCH for 4TX, in particular where W2 is subband (aka PUCCH mode 2-2). The reporting framework of such a mode has been outlined in the way forward proposal [3] and detailed design proposal of such mode can be found in contributions, e.g. [7].  In essence, PUCCH mode 2-2 is a simple extension of Rel-8 PUCCH mode 2-1 with the main difference being that subband W2 is also reported with subband CQI in the same subframe and wideband W1 takes the place of wideband PMI. PUCCH mode 2-2 fits well the W2.W1 framework, where W1 is a Nt x R unitary matrix corresponding to wideband feedback, W2 is a Nt x Nt unitary matrix corresponding to subband feedback, Nt is the number of TX antennas and R is the rank. Significant performance gain over PUCCH mode 2-1 has previously been shown e.g. in [5]. 
While PUCCH mode 2-2 can enhance the feedback accuracy, its feedback overhead is also larger compared to PUCCH mode 2-1, this has impact on the CSI feedback error rate. In this contribution, we present some analysis on the CSI feedback error rate and propose that aggressive overhead reduction is important to ensure comparable CSI feedback error rate with respect to Rel-8 PUCCH mode 2-1. 
2 CSI feedback error rate analysis for PUCCH mode 2-2 for 4 TX
We focus on 4 TX antennas configuration which is the prioritized configuration in Rel-10. In PUCCH mode 2-2, the UE reports 3 types of reports in separate subframes with different periodicities, namely the RI report (Type 3), the WB W1 + WB CQI report (Type 2), and the SB W2 + SB CQI report (Type 5 (new) [7]).
For PUCCH mode 2-1, the maximum feedback overheads of reports (assuming 4 bandwidth parts) are shown in Table 1. The number of SB CQI bits shown is per bandwidth part. Clearly, the bottleneck is the WB CQI + WB PMI report which takes up to 11 bits.
Table 1: Max feedback overhead of reports for PUCCH Mode 2-1

	Report
	Rank = 1
	Rank = 2

	RI
	2 bits
	2 bits

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

	SB CQI
	6 bits (4+L)
	9 bits (4+3+L)


For PUCCH mode 2-2, a straightforward extension to mode 2-1 is to also transmit a 2-bit subband W2 with the subband CQI in the same subframe. The maximum feedback overheads of PUCCH reports in this case are shown in Table 2. Here, we see that the WB CQI + WB W1 report and the SB CQI + SB W2 report have the same overhead.
Table 2: Max feedback overhead of reports for PUCCH Mode 2-2
	Report
	Rank = 1
	Rank = 2

	RI
	2 bits
	2 bits

	WB CQI + WB W1
	8 bits (4+4)
	11 bits (4+3+4)

	SB CQI + SB W2
	8 bits (4+2+L)
	11 bits (4+3+2+L)


For PUCCH mode 2-1 and 2-2 aforementioned, 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. An alternative which can slightly reduce the overhead of the SB report is to encode the SB CQI of codeword 0 differentially with respect to the WB CQI of codeword 0 using 3 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

In this case, the maximum feedback overheads of PUCCH mode 2-2 reports are given in Table 3. 
Table 3: Max feedback overhead of reports for PUCCH Mode 2-2 with differential subband CQIs
	Report
	Rank = 1
	Rank = 2

	RI
	2 bits
	2 bits

	WB CQI + WB W1
	8 bits (4+4)
	11 bits (4+3+4)

	SB CQI + SB W2
	7 bits (3+2+L)
	10 bits (3+3+2+L)


Using the same method in [6], we compare the overall CSI feedback error rate of the PUCCH modes 2-1, 2-2 and 2-2 with differential subband CQIs. 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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is the probability of RI report error, 
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is the probability of WB report error and 
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 is the probability of SB report error which corresponds to a bandwidth part. We extracted 
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  from [6], which correspond to PUCCH format 2 error rate performances with 2 bits, 11 bits and {9, 10, 11} bits, respectively. 
We plot the overall CSI feedback error rates for RI=2 for PUCCH mode 1-1, mode 2-1, mode 2-2 and mode 2-2 with differential SB CQIs as shown in Figure 1. It is observed that there is a significant difference in the CSI feedback error rates. Compared with PUCCH mode 2-1, the increase in CSI feedback error rate is ~82% at SNR of -3dB or ~1dB degradation at 10-1 error rate for PUCCH mode 2-2, but it is reduced significantly to ~18% at SNR of -3dB or ~0.3dB degradation at 10-1 error rate for PUCCH mode 2-2 with differential SB CQIs although there is only one bit difference in a SB report. This result illustrates the sensitivity of CSI feedback error to the number of bits in a SB report. Hence we conclude that the overhead of the SB report of PUCCH mode 2-2 should be aggressively reduced to ensure comparable CSI feedback error rate performance to PUCCH mode 2-1.
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Figure 1: Overall CSI feedback error rate
3 Summary
In this contribution, we expressed our views on CSI mode 1 on PUCCH, in particular where W2 is subband and transmitted in the same subframe as the subband CQI (PUCCH mode 2-2). Such mode is beneficial in enhancing the feedback accuracy compared to Rel-8 and has been shown to have significant performance improvement e.g. in [5].
Similar to Rel-8 PUCCH mode 2-1, one design option for PUCCH mode 2-2 is to let the SB CQI of codeword 0 assumes the full granularity of 4 bits whereas the SB CQI of codeword 1 (if RI=2) is encoded differentially with respect to the SB CQI of codeword 0 using 3 bits. We examined the potential improvement in the overall CSI feedback error rates for PUCCH mode 2-2 whereby SB CQIs of both codewords are encoded differentially, each with 3 bits, thereby reducing the number of bits in the SB report for PUCCH mode 2-2 by one bit.
We observed that for 4 TX antennas and rank 2 reporting, compared with PUCCH mode 2-1, the increase in CSI feedback error rate is ~82% at SNR of -3dB or ~1dB degradation at 10-1 error rate for PUCCH mode 2-2, but it is reduced significantly to ~18% at SNR of -3dB or ~0.3dB degradation at 10-1 error rate for PUCCH mode 2-2 with differential SB CQIs although there is only one bit difference in a SB report. The result illustrates the sensitivity of CSI feedback error to the number of bits in a SB report.

Therefore, we conclude that the overhead of the SB report of PUCCH mode 2-2 should be kept fewer than 11 bits to ensure that the CSI feedback error rate performance is comparable to that of PUCCH mode 2-1. 
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