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1. Introduction

The possible payload sizes for CSI on PUCCH are restricted to a maximum of 11-bits. In Rel-8/9 all CSI reporting modes fulfill that requirement, including the case of rank 2 or higher for 4 Tx, for which the two codeword CQIs and the presence of 4-bit PMI results in 11 bits. However, in Rel-10, the nominal size of the 8 Tx codebook is 4 bits for W1 and 4 bits for W2. The nominal 8 Tx design thus requires twice as many bits as in the previously worst case of 4 Tx. In order for the CSI reporting to fit on the PUCCH, the signaling alternatives need to be restricted compared to the nominal 8 Tx design, i.e., the signaling can only support a subset of the possible overall precoders. 
This contribution investigates several alternatives when it comes to spatial downsampling of the 8 Tx codebook design on PUCCH. 

2. Separate Reporting of W1 and W2 – CSI Mode 1
2.1. PUCCH 1-1 CSI Mode 1

In PUCCH 1-1, CSI mode 1, RI and W1 are encoded in the same subframe. This presents some challenges concerning the design. The RI and W1 need to be heavily protected since many succeeding CSI reports depend on the correct reception of RI/W1. This is particularly the case for CSI Mode 1 whose purpose is to report W1 in a long-term manner. If the RI/W1 is lost, a long CSI outage may occur, which is obviously an undesirable behavior with long-term fluctuating user throughput and negative scheduling impact on other users as a result. The Rel-8 design is heavily geared towards avoiding the CSI outage problem by transmitting RI in its own subframe without any additional bits, thus minimizing the error rate. There is hence only limited flexibility in increasing the signaling overhead in the RI subframe since that directly reduces the coverage of the RI signaling.
Observation

· Separate reporting of W1 and W2 is motivated by the need to very seldomly report W1 (targeting long-term channel properties)

· If the RI/W1 subframe is erroneously decoded a very long CSI outage occurs since many succeeding CQI/W2 reports depend on correct reception of RI and W1

· The RI/W1 subframe needs to have a very low error rate implying a limited payload size
The number of W1 precoders varies with increasing rank from one to eight according to 16, 16, 4, 4, 4, 4, 4, 1. Joint encoding of W1 and RI would hence require 16 + 16 + 4 + 4 + 4 + 4 + 4 + 1 = 53 code points, resulting in 6 bits of signaling overhead. Even optimistic evaluations on the dimensioning of the payload size in the RI subframe recommend at most 5 bits [1] . But in those evaluations, the distribution of the error events over time is ignored meaning that CSI outage is not considered in the analysis. Thus, the payload size should be smaller than 5 bits, particularly for common cases such as two-layer capable UEs, but also to some extent to UEs capable of four layers. 

Observation
· Average error probability for the reporting is not a sufficient metric for determining the payload size

· Distribution of error events over time matters contrary to previous analysis
· Long CSI outages occur whenever RI/W1 is in error

· The payload size in the RI/W1 subframe needs to be considerably smaller than 5 bits to reduce the CSI outage issue.

We attempt to strike a balance between increased payload size for the RI/W1 subframe and efficiency of the anyway coarse PUCCH based reporting by targeting a total of 3 and 4 bits for 2-layer and 4-layer UEs, respectively. The number of W1 precoders per rank is shown in Table 1 where one additional bit is added for each increase in UE capability. 
In general in this contribution, the downsampling is always performed in the most obvious manner. This means that for W1 a downsampling factor of N implies keeping only every N:th precoder W1 in the set of W1 precoders ordered with increasing beam indices. Furthermore, if W2 is downsampled, the column selection is fixed to correspond to the first column in each block of the block diagonal W1 and the PSK alphabet is uniformly downsampled. For Table 1 in particular, the downsampling strategy for W1 in rank 1 and 2 is to keep every 4:th W1 reducing the number of W1 precoders from 16 to 4. In that way, the encoding of a lower capability UE can be re-used for a higher capability UE. 
Table 1: Number of W1 precoders for each rank and UE capability.

	UE capability
	Rank

	
	1
	2
	3
	4
	5
	6
	7
	8

	2-layers
	4
	4
	
	
	
	
	
	

	4-layers
	4
	4
	4
	4
	
	
	
	

	8-layers
	4
	4
	4
	4
	1
	1
	1
	1


Note that for the 8-layer case 
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 bits are used, which is not totally satisfactory. Pruning of the W1 precoders in rank 3 and rank 4 may be needed to push the overhead below 4 bits. 
To evaluate the impact of the spatial downsampling, we conducted system level simulations for the most prioritized antenna setup of closely spaced cross-poles in an urban macro scenario with 15 degree angular spread. The evaluations are focused on SU-MIMO since MU-MIMO needs frequency-selective scheduling to stay competitive with respect to SU-MIMO. The simulations assumptions are found in the appendix and the results are presented in Table 2. The proposed 2 + 4 bits design, corresponding to the 2-layer capability in Table 1, was compared with the full 4 + 4 bits codebook with PUCCH 1-1, as well as with PUSCH 3-2. 
Table 2: Results for SU-MIMO closely spaced cross-pole with maximum rank 2.

	
	SU-MIMO: Cross-pole (Alt 1), 15° angular spread

	
	Cell throughput

[bps/Hz]
	5-percentile user throughput

[bps/Hz]

	PUSCH 3-2:

W1 –  4 bits, W2 – 4 bits
	2.849 (0%)
	0.083 (0%)

	PUCCH 1-1, CSI mode 1

W1 – 4 bits, W2 – 4 bits
	2.401 (-15.7%)
	0.070 (-15.9%)

	PUCCH 1-1, CSI mode 1

W1 – 2 bits, W2 – 4 bits

(2-layer capable design)
	2.325 (-18.4%)
	0.066 (-20.3%)


First of all, we see that the more detailed reports on PUSCH are as expected substantially better. The PUCCH reports cannot compete with the PUSCH based reports so PUCCH is clearly about maintaining some acceptable level of robust performance rather than optimizing the data rates for PDSCH. This goes well with the general thinking that PUCCH provides periodic coarse CSI information for UEs not receiving significant amounts of data while PUSCH is triggered once a UE is receiving larger amounts of data. We also see that there is a loss in performing the spatial downsampling but this loss is deemed acceptable considering that protecting the coverage of control signals is more important.
Observation

· PUSCH reports are substantially better than PUCCH reports

· PUCCH and PUSCH used together complementing each other 

· PUCCH reports are not about optimizing the data rates but rather of maintaining some acceptable level of robust performance for initial transmissions in a data burst before PUSCH reports have arrived
· Some loss inevitable due to fitting W1 and RI within a reasonable pay load size
Proposal
· Two bits for W1 for rank 1 and rank 2 of PUCCH 1-1 CSI mode 1
· Implies a total of 3 bits for RI and W1 in the RI/W1 subframe
2.2. PUCCH 2-1
Also PUCCH 2-1 involves reporting W1 separately from W2. This time W1 is not encoded together with RI. Hence, it is reasonable to assume that the payload size for the W1 subframe is the same as the RI/W1 subframe of PUCCH 1-1 CSI mode 1. This means 3 bits for W1 while it probably would make sense to reduce the number of W2 precoders below 4 bits when possible to improve the coverage of the control signaling. 
An alternative to spatially downsample W2 is to reduce the number of bits for subband CQI. For rank 1 it is possible to keep all 4 bits of W2, the subband label and subband CQI and still remain within the maximum of 11 bits. For higher ranks, two bits of the currently seven bits spent on dual codeword CQIs could be omitted without expecting significant degradation since the CQI errors are anyway rather large.
Proposal

· Three bits for reporting W1 for rank 1 and 2 of PUCCH 2-1
· 4 bits for W2 and two less bits for subband CQI for rank higher than 2
3. Joint Reporting of W1 and W2 – PUCCH 1-1 CSI Mode 2

CSI mode 2 of PUCCH 1-1 entails reporting W1, W2 and the CQI in the same subframe. Compared with PUCCH 1-1 CSI mode 1, CSI Mode 2 targets more instantaneous reporting of W1 where the same update rate for W1 and W2 is used. Thus, the two feedback modes serve different purposes.

Observation

· CSI mode 1 and 2 serve different purposes

· PUCCH 1-1 CSI mode 2 targets quick updating of W1

· PUCCH 1-1 CSI mode 1 targets slow long-term updating of W1
In Rel-8, the payload size for 4 Tx rank 1 is 8 bits for CQI and PMI while for rank 2 it is 11 bits. The original size of the 8 Tx codebook is 4 bits for W1 and 4 bits for W2 (4+4), which can be squeezed down to 7 bits by avoiding duplicates for the overall precoder W=W1W2. Also for this case is hence spatial downsampling necessary to fit within the agreed 11 bit budget. Since W1 and W2 are reported in the same subframe, the payload size can be freely redistributed among them. In this contribution, we consider the downsampling alternatives for rank 1 and rank 2 listed in Table 3. 
Table 3: Spatial downsampling alternatives for rank 1 and rank 2.

	
	Rank 1
	Rank 2

	Alt 1
	W1 – 4 bits, W2 – 2 bits

Total: 10 bits
	W1 – 4 bits, W2 – 0 bit

Total: 11 bits

	Alt 2
	W1 – 3 bits, W2 – 1 bit

Total: 8 bits
	W1 – 3 bits, W2 – 1 bit

Total: 11 bits

	Alt 3
	W1 – 4 bits, W2 – 0 bits

Total: 8 bits
	W1 – 4 bits, W2 – 0 bit

Total: 11 bits


System level results for the different alternatives are provided in Table 4, again with the nominal 8 Tx design for PUSCH 3-2 and PUSCH 1-1 as references. Clearly, PUCCH is unable to compete with the detailed reports on PUSCH and there is some performance loss compared to using the nominal codebook. Overall, alternative 2 seems to be providing decent performance while maintaining the same payload size as Rel-8 (in contrast to Alternative 1).
If it is deemed acceptable to increase the overhead compared with 4 Tx Rel-8, there is the possibility to use 3 more bits in the rank 1 case. This would make it possible to fit the entire 7 bit dual codebook and still be within 11 bits in total overhead for rank 1. This would provide the full resolution of 32 DFT based beams which is a bit of over-provisioning considering practical antenna calibration accuracy. Saving overhead by going down to 16 beams should therefore be considered.
Proposal

· Consider two alternatives for PUCCH 1-1 CSI mode 2

· Rank 1 and 2: 3 bits for W1 and 1 bit for W2 (Alt 2)

· Rank 1: 4 bits for W1 and 2 bits for W2
Rank 2: 3 bits for W1 and 1 bit for W2 

Table 4: Results for SU-MIMO closely spaced cross-pole with maximum rank 2.

	
	SU-MIMO: Cross-pole (Alt 1), 15° angular spread

	
	Cell throughput

[bps/Hz]
	5-percentile user throughput

[bps/Hz]

	PUSCH 3-2:

W1 –  4 bits, W2 – 4 bits
	2.849 (0%)
	0.083 (0%)

	PUCCH 1-1
W1 – 4 bits, W2 – 4 bits
	2.401 (-15.7%)
	0.070 (-15.9%)

	Alt 1
	2.396 (-15.9%)
	0.069 (-17.0%)

	Alt 2
	2.361 (-17.1%)
	0.067 (-19.2)

	Alt 3
	2.364 (-17.0%)
	0.061 (-25.7%)


4. Conclusions
This contribution addressed the topic of spatial downsampling for reducing the signaling overhead of the UE feedback. Based on discussions and system level evaluations results, the following is proposed
· Two bits for W1 for rank 1 and rank 2 of PUCCH 1-1, CSI mode 1
· Implies a total of 3 bits for RI and W1 in the RI/W1 subframe
· Three bits for reporting W1 for rank 1 and 2 of PUCCH 2-1
· 4 bits for W2 and two less bits for subband CQI for rank higher than 2
· Consider two alternatives for PUCCH 1-1 CSI mode 2

· Rank 1 and 2: 3 bits for W1 and 1 bit for W2 (Alt 2)

· Rank 1: 4 bits for W1 and 2 bits for W2
Rank 2: 3 bits for W1 and 1 bit for W2 
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6. Appendix
Table 5: System level simulation assumptions.

	Parameter
	Assumption

	Number of cells 
	57

	Deployment model
	Hex grid, 3 sector sites

	Inter site distance
	500 m

	Average number of UEs per cell
	10

	Traffic model
	Full buffer

	UE speeds of interest
	3 km/h

	Bandwidth
	10 MHz

	Carrier frequency
	2 GHz

	Control OFDM symbols per RB pair
	3

	Max number of HARQ retransmissions
	5

	Channel model
	SCME Urban Macro

	Pathloss model
	128,1 + 37,6 log10(R) dB, (R in km)

	Transmit power
	40 W

	BS antenna configuration
	8 Tx using two different alternatives: 

Alt 1. Four closely spaced ±45° cross-poles with 0.5 λ separation

Alt 2. ULA with 0.5 λ separation and vertical polarization

	UE antenna configuration
	2 Rx: cross-polarized 0°/90°, 0.5 λ separation
4 Rx: two pairs of 0°/90°cross-polarized separated 0.5 λ

	Receiver 
	MMSE with no inter-cell interference suppression

	Scheduler
	Proportional fair in time and frequency

	ACK/NACK based outer loop link adaptation adjustment 
	Yes: target BLER=10%

	Number of RBs per subband
	6

	Feedback CQI delay
	6 ms

	CQI reporting periodicity
	5 ms
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