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1
Introduction

In RAN1#61, the following way forward was agreed about PUCCH signalling [1]:

· Periodic PUCCH

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

· W_1/W_2 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
From the very beginning of Release 8 standardization one of the major design guidelines has been minimizing the number of options as each option needs to be standardized, implemented in the UEs and tested. During the standardization of Release 8 it was also seen how some features specified in RAN1 ended up not being tested by RAN4 and implemented in networks thus at the minimum requiring FGI bits for lack of IOT possibilities, and in the worst case ending up as “dead” features in the specification.
Since there are now two possible modes listed for PUCCH reporting and most likely network vendors would not implement both, RAN1 should strive at picking one option only to be standardized. In this contribution we address the possible PUCCH reporting modes for double codebook –based feedback, and propose detailed design for CSI mode 1.
2
PUCCH signaling
The underlying idea in CSI mode 1 is that W1 is long-term information and as such might not need to be signalled as often as W2. One proposal has been to signal W1 jointly with RI [2]

 REF _Ref264467019 \r \h 
[3]. If W1 and W2 are signalled in separate subframes, this kind of an arrangement would make sense as otherwise even three separate subframes might be required for full report: one for RI, one for W1 and one for W2+CQI(s). Benefit of the scheme is that it builds on Rel-8/9 reporting principles and allows full reuse of existing signalling structures. Also the reporting periodicity of RI and W1 is similar, hence also in this respect such reporting would make sense. This type of reporting is illustrated in Figure 1.
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Figure 1. Illustration of CSI mode 1 with joint W1 and RI reporting.
An example of the joint encoding of W1 and RI is shown in Table 1 for the codebook presented in [4]. There are 14 hypotheses altogether for ranks up to 8, hence 4 bits would be enough. Following the Rel-8 principles that the number of bits used for RI depends on UE category, for a typical 2-Rx UE even 3 bits (8 hypotheses) would be enough for the below W1+RI signalling (only hypotheses with RI<=2). It is noted that the alternative design in [4] would require 5 bits for the signalling, or 4 bits if the beam groups are left non-overlapping also in case of ranks 3 and 4, i.e. if W1 is subsampled for the PUCCH report.
Table 1. An example of joint transmission of W1 and RI.
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Considering then CSI mode 2, the maximum number of bits that can be carried with PUCCH format 2 is 11. In case of RI>1, CQI reporting will require 7 bits which leaves only 4 bits for W1 and W2 in case of mode 1-1. Since with most current double codebook proposals either W1 or W2 will alone require 4 bits, fitting all the information into a single PUCCH format 2 report would require heavy subsampling of the W1/W2 codebooks. Such subsampling would likely also have a corresponding performance impact on precoded DL transmissions.
On the other hand with CSI mode 1, since W1 can be transmitted jointly with RI, there is more room left for W2 and CQI(s). For example with the codebook presented in [4] W2 is 4 bits, which together with CQI(s) makes the report size exactly 11 bits in case of mode 1-1. On the other hand the subsampling could be used to lower the W2 size here, e.g. by allowing selection of only every second beam and/or lowering the number of co-phasing terms (e.g. from QPSK to BPSK). This would lower the number of bits from 11 to 9-10, and therefore make the reporting scheme more robust, even when compared to Rel’8 4-Tx case as will be shown in the next section. Also it is noted that with the codebook proposal in [4], the highest ranks do not require as many bits for W2, hence also in those cases the reporting would be more robust.
The main concern related to CSI mode 1 has been potential error propagation issue which CSI mode 2 does not have. In the next section we show with simulations that this problem does not exist even in the case of CSI mode 1.
3
Performance
As mentioned, the main worry related to signalling W1 and W2 in separate subframes has been possible error propagation since W2 is conditioned on W1 selection, similarly as PMI selection is conditioned on RI selection in Rel-8/9. In this section we study this claimed error propagation impact more thoroughly via link level simulations. 
We first simulated simply the PUCCH format 2 performance with different payload sizes ranging from 2 bits to 11 bits. We chose payload sizes that seem most likely with the two CSI modes. Simulation assumptions are listed in Appendix A. 

Figure 1 shows the results. In the figure, we have highlighted the likely sizes of the two reports. Report 1 refers to the long-term report that may contain W1 and RI or only RI in case of CSI mode 2, and report 2 refers to the other report containing W2 and CQI(s), and also W1 in case of CSI mode 2.
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Figure 2. Performance of PUCCH format 2 with different payload sizes.
The overall CSI consisting of W1, W2, RI and CQI(s) will be erroneous if 
· report 1 is erroneous, or if
· report 1 is correct and report 2 is erroneous.
If we denote probability of report 1 error by P1 and probability of report 2 error by P2, we can compute the overall CSI report error probability as Pt=P1+(1-P1)P2. We extracted these probabilities from the above PUCCH format 2 results, and calculated the overall CSI report error probability for different payload size combinations. This result is shown in Figure 2. Note that the case 2+11 bits corresponds to Rel-8 mode 1-1 with 4-layer spatial multiplexing.
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Figure 3. Overall probability of CSI error Pt=P1+(1-P1)P2 with different W1 and W2 payloads.
The results show very clearly that increasing the number of bits in report 1 up to 5 bits has practically no impact on the performance, and in fact the performance is dominated by the performance of report 2. In other words, the claimed error propagation issue with CSI mode 1 does not exist. 
Observation: There is no error propagation issue with CSI mode 1.
On the contrary, taking the codebook subsampling methods required in case of CSI mode 2 into use with CSI mode 1, the robustness of the reporting scheme could be even improved compared to Rel’8 4-Tx level as number of bits in report 2 could be decreased. Since report 2 dominates in the total error probability, this would improve the overall performance.

4
Conclusions

Based on the above discussion and simulation results, we propose:

· PUCCH format 2 is used for signalling the CSI
· W1 and W2 are signalled in separate subframes.

· W1 is encoded jointly with RI and thus signalled in the same subframe as RI.

· W2 is signalled in same subframe together with CQI(s).
· FFS if subsampling of the W1/W2 codebooks is needed for PUCCH reporting.

To minimize the number of options in the specification, we feel that RAN1 should carefully consider leaving CSI mode 2 unspecified.
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Appendix A – Link simulation assumptions

	Parameters
	Value

	Carrier frequency
	2.0 GHz

	System bandwidth
	10 MHz 

	Channel model
	TU

	Frequency hopping
	At slot boundary

	Antenna setup
	1Tx, 2Rx

	Channel estimation
	Realistic

	CP type
	Normal CP

	Signal bandwidth
	180 kHz

	Number of UEs
	1

	UE speed 
	3 km/h


