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1
Introduction

In RAN1#62, 8-Tx codebook details were finally agreed up to the last element [1]. This important milestone allows RAN1 finally to proceed further on the detailed design of CSI feedback signaling modes. Regarding the PUCCH CSI feedback modes, also very good progress was made [2]. Essentially 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 only two meeting rounds left before Rel-10 completion, it is now time to put the efforts to nailing down 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 address codebook subsampling as required by mode 1-1 with CSI mode 2. We also address subsampling in case of mode 1-1 with CSI mode 1 as in this case subsampling may be used to further improve uplink coverage.
2
Codebook subsampling
In [2], it was agreed that selection of a subset of elements from the double codebook is required for PUCCH mode 1-1 based on CSI mode 2:
· Extension of Rel.8 PUCCH Mode 1-1 with W determined from a single sub-frame report conditioned upon the latest RI report in a previous sub-frame

· 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

· For each rank, the subset of C1 and subset of C2 are fixed and hence not configurable

· For each rank, the subset of C1 and the subset of C2 are designed either separately or jointly

· For example: different subsets of possible co-phasing are used for different groups of beam angles

For PUCCH mode 1-1 based on CSI mode 1, it was also agreed that

· Codebook sub-sampling may be performed depending on the final codebook design (to ensure that the total payload is sufficiently small)

On one hand in CSI mode 1 such subsampling of the codebook is not required since i2 and CQI require at most 11 bits even without subsampling. This corresponds to the Release 8 overhead and as such is known to provide also robust enough UL reporting. On the other hand, subsampling could effectively improve uplink coverage further.
It is noted that in the agreed codebook, there is overlap in the beam groups represented by different indices i1. Such overlap was included for enabling frequency-selective precoding while avoiding “edge effects” with different groups of beams. Since in PUCCH mode 1-1 the precoder feedback is wideband, the first obvious method of subsampling is to remove the overlap. In CSI mode 2 this overlap is purely redundant since i1 and i2 are reported in the same subframe, while in CSI mode 1 it could theoretically be beneficial from the perspective of refining the initial beam provided by i1. However, we do not expect any significant performance benefit from the overlap for wideband precoding. It is however, emphasized that for PUSCH modes with frequency-selective PMI, this overlap was agreed to be included in the codebook based on extensive performance evaluations, and should be kept.
The extension of mode 2-1 does not seem to require subsampling. In this case, even the overlapping beam groups could be seen beneficial due to the possibility of reporting subband-based i2 in report 3.
2.1
Subsampling in CSI mode 1

As mentioned, we view subsampling in CSI mode 1 mainly as a tool to further optimize UL coverage. Here we outline three possible methods to subsample the codebook. In section 3 we provide simulation results for these methods. In the following, indices i1 and i2 refer to the corresponding indices in [3] (note: the indexing is not exactly the same as in the WF document [1]).
Method 1
First subsampling method for CSI mode 1 is to only remove the overlap of the beam groups. There are two ways to do this: either picking only every other i1 (beam group) or subsampling i2 for example such that only first two beams of each group can be selected. Since we are trying to minimize the payload of i1+RI, i.e. report 1, we have chosen the first option.
In the agreed codebook, there is overlap for ranks 1-4 whereas ranks 5-7 are based on a comb of beams (for rank 8 we have only one matrix). Hence we remove the overlapping parts from i1 codebook in case of ranks 1-4. In case of ranks 5-7, i1 could potentially be subsampled even just to one i1, however this would not reduce the number of bits required for i1+RI joint indication further. In the following, we have also removed the overlap from ranks 3 and 4, however the overlap in these cases might as well be kept since it would not increase the number of bits needed for i1+RI joint encoding.
Index i2 is as in [3].
The subset of codebook indices in this method 1 is tabulated in Table 1 below.
Table 1. Subset of codebook indices utilized in CSI mode 1, method 1.

	
	i1
	i2

	RI=1
	0,2,4,…,14
	0,1,…,15 (4 bits)

	RI=2
	0,2,4,…,14
	0,1,…,15 (4 bits)

	RI=3
	0,2
	0,1,…,15 (4 bits)

	RI=4
	0,2
	0,1,…,7 (3 bits)

	RI=5
	0,2
	0 (0 bits)

	RI=6
	0,2
	0 (0 bits)

	RI=7
	0,2
	0 (0 bits)

	RI=8
	0
	0 (0 bits)


The total number of i1+RI hypotheses is 27, i.e. 5 bits for up to 8-layer multiplexing. Without subsampling in case of RI={3,4}, the number of hypotheses would be 31, i.e. still 5 bits. It is noted that similarly to Rel-8 the number of bits for joint i1+RI indication could be made dependent on UE capabilities, e.g. UE with up to 2-layer MIMO capability could report only 4 bits for 16 hypotheses.
Method 2
In the second method, the codebook subset for i1 remains the same as in method 1, and we further subsample i2 instead. Hence also the number of hypotheses for i1+RI joint encoding remains the same as in method 1. For i2 subsampling, we utilize only half of the codewords in order to reduce report 2 payload by 1 bit. The codebook subsampling obeys three principles: reducing the total number of beams to 16, uniformly subsampling in both beam and co-phasing domains, and keeping 8Tx DFT vector constructed codewords as much as possible.The subset of codebook indices is tabulated in Table 2.
Table 2. Subset of codebook indices utilized in CSI mode 1, method 2.

	
	i1
	i2

	RI=1
	0,2,4,…,14
	0,1,2,3,8,9,10,11 (3 bits)

	RI=2
	0,2,4,…,14
	0,1,4,5,8,9,10,11 (3 bits)

	RI=3
	0,2
	0,1,2,3,8,9,10,11 (3 bits)

	RI=4
	0,2
	0,3,4,7 (2 bits)

	RI=5
	0,2
	0 (0 bits)

	RI=6
	0,2
	0 (0 bits)

	RI=7
	0,2
	0 (0 bits)

	RI=8
	0
	0 (0 bits)


Method 3
In the third method, we subsample even further compared to method 2, subsampling both in beam and co-phasing domains according to the same principles in method 2. The subset of codebook indices for i2 has been selected in order to optimize performance in both ULA and XP antenna configurations. The subset is listed in Table 3. Again the codebook subset for i1 and the number of hypotheses for i1+RI joint encoding remains the same as in method 1.
Table 3. Subset of codebook indices utilized in CSI mode 1, method 3.

	
	i1
	i2

	RI=1
	0,2,4,…,14
	0,2,9,11 (2 bits)

	RI=2
	0,2,4,…,14
	0,5,8,11 (2 bits)

	RI=3
	0,2
	2,3,8,9 (2 bits)

	RI=4
	0,2
	0,4 (1 bit)

	RI=5
	0,2
	0 (0 bits)

	RI=6
	0,2
	0 (0 bits)

	RI=7
	0,2
	0 (0 bits)

	RI=8
	0
	0 (0 bits)


2.2
Subsampling in CSI mode 2

As pointed out, in case of PUCCH mode 1-1 with CSI mode 2, subsampling is required to make report 2 fit within the maximum of 11 bits. Since CQI may take up to 7 bits, there is 4 bits left for the PMI reporting, i.e. 16 elements. Since in this mode both i1 and i2 are reported in the same subframe, we can directly look at for example which subset of the 32 possible beams and 4 possible co-phasers (rank 1) should be selected. Similarly to [3], in the following we illustrate three possible subsampling methods. All three methods require exactly four bits for the PMI reporting.
Method 1

First subsampling method is based on downsampling both in beam and co-phasing domains. For rank 1, we take every fourth beam and use BPSK co-phasing. For rank 2, we use every second beam and only one co-phasing term. The indices are tabulated in Table 4, and also illustrated in Figure 1 below for ranks 1 and 2.
Table 4. Subset of codebook indices utilized in CSI mode 2, method 1.

	
	i1
	i2

	RI=1
	0,2,4,…,14
	0,2

	RI=2
	0,1,…,15
	0

	RI=3
	0,1,2,3
	2,3,8,9

	RI=4
	0,1,2,3
	0,3,4,7

	RI=5
	0,1,2,3
	0

	RI=6
	0,1,2,3
	0

	RI=7
	0,1,2,3
	0

	RI=8
	0
	0
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Figure 1. CSI mode 2 subsampling method 1 for ranks 1 and 2.
Method 2

Method 2 is based on scattered selection of beam and co-phasing terms, see Table 5 for the indices and Figure 2 for illustration. For ranks 3-8, this is the same as method 1, i.e. the only differences are in ranks 1 and 2. 
Table 5. Subset of codebook indices utilized in CSI mode 2, method 2.

	
	i1
	i2

	RI=1
	0,2,4,…,14
	mod2(i1/2),mod2(i1/2)+2

	RI=2
	0,2,4,…,14
	0,1

	RI=3
	0,1,2,3
	2,3,8,9

	RI=4
	0,1,2,3
	0,3,4,7

	RI=5
	0,1,2,3
	0

	RI=6
	0,1,2,3
	0

	RI=7
	0,1,2,3
	0

	RI=8
	0
	0
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Figure 2. CSI mode 2 subsampling method 2 for ranks 1 and 2.
Method 3
In the third method, the combinations of beams and co-phasing terms have been formed to optimally support ULA configurations in addition to XP. In other words, for each beam the co-phasing term has been selected to form exactly the DFT butterfly required to form 8-Tx DFT vector from the two 4-Tx DFT vectors. The corresponding indices are listed in Table 6 and the method is illustrated in Figure 3 for ranks 1 and 2.
Table 6. Subset of codebook indices utilized in CSI mode 2, method 3.

	
	i1
	i2

	RI=1
	0,1,...,15
	mod4(i1),

	RI=2
	0,1,…,15
	0,5

	RI=3
	0,1,2,3
	2,3,8,9

	RI=4
	0,1,2,3
	0,3,4,7

	RI=5
	0,1,2,3
	0

	RI=6
	0,1,2,3
	0

	RI=7
	0,1,2,3
	0

	RI=8
	0
	0
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Figure 3. CSI mode 2 subsampling method 3 for ranks 1 and 2.
3
Performance evaluation
In this section we show our link simulation results on both the DL performance with the selected codebook subsets as well as on UL performance when PUCCH format 2 is used for the UL transmission. Our simulation results are listed in Appendix 1 and Appendix 2.
3.1
DL performance
First we show the DL performance of subsampling methods for CSI mode 1, i.e. the methods outlined in section 2.1. These results are shown in Figure 4. From these results it is obvious that our methods 1 to 3 do not have any significant performance differences for wideband precoding based on CSI mode 1. On the other hand due to reduced payload, method 3 outperforms the other methods in terms of UL coverage, as will be shown in section 3.2. For this reason our view is that subsampling for CSI mode 1 should be done as in method 3.
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Figure 4. DL performance of CSI mode 1 codebook subsampling methods in SCM UMa 15o channel, with both XP and ULA antenna configurations, SU-MIMO and MU-MIMO.
Then, we show the performance of CSI mode 2 with the presented subsampling methods 1 to 3. Again the differences are small except in MU-MIMO with ULA configuration where method 3 clearly outperforms the other methods, as expected. The payload sizes are the same; hence there is no difference in UL coverage between the methods. Thus our view is that method 3 should be chosen as the subsampling method for CSI mode 2.
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Figure 5. DL performance of CSI mode 2 codebook subsampling methods in SCM UMa 15o channel, with both XP and ULA antenna configurations, SU-MIMO and MU-MIMO.

Finally, we show also a comparison between CSI mode 1 and CSI mode 2 with the selected subsampling methods in MU-MIMO in case of SCM UMa 15o channel. This is shown in Figure 6. In ULA case the schemes perform equally, however in XP case CSI mode 1 has a clear performance benefit.
[image: image17.emf]0

1

2

3

4

5

6

7

-10 -5 0 5 10 15 20 25

Spectrum Efficiency (bps/Hz)

SNR (dB)

MU (rank 1/UE), SCM UMa 15°, XP

R1-105011

CSI mode 1, method 3

CSI mode 2, method 3

 [image: image18.emf]0

1

2

3

4

5

6

7

-10 -5 0 5 10 15 20 25

Spectrum Efficiency (bps/Hz)

SNR (dB)

MU (rank 1/UE), SCM UMa 15°, ULA

R1-105011

CSI mode 1, method 3

CSI mode 2, method 3


Figure 6. Comparison between DL performance of CSI mode 1 and CSI mode 2 with the selected subsampling methods in SCM UMa 15o channel, MU-MIMO.
3.2
UL coverage
In addition to DL performance, the other aspect of CSI reporting on PUCCH is the coverage of the PUCCH format 2 reports sent in uplink. To evaluate this, we first calculate the payload sizes for each method. Here we consider as an example the case of multiplexing up to 4 layers, i.e. RI takes values up to 4, and similarly in CSI mode 1 index i1 only consists of hypotheses corresponding to RI≤4. With this we get following payload sizes for the two reports in case of different subsampling methods for CSI mode 1:
· Method 1: Report 1 consisting of jointly encoded i1+RI is 5 bits (20 hypotheses) and report 2 consisting of i2+CQI is 3/4 + 4/7 bits depending on rank.
· Method 2: Report 1 is again 5 bits and report 2 is now 2/3 + 4/7 bits depending on rank.
· Method 3: Report 1 is 5 bits and report 2 is 1/2 + 4/7 bits depending on rank.
In case of CSI mode 2, the report 1 (RI) payload size is 2 bits, and report 2 payload size is 8 bits for RI=1 and 11 bits for RI>1. Note that this is the same independently of the subsampling method as in each case PMI takes 4 bits.
Similarly to our earlier contributions [5], we model the probability of erroneus report 2 using simple probability calculations as Pt=P1+(1-P1)P2, where P1 is the probability of report 1 being erroneous and P2 is the probability of report 2 being erroneous. To find the probabilities P1 and P2, link simulations were run on PUCCH format 2, with assumptions listed in Appendix 2. From these probabilities we computed the overall error probability Pt.
Our results are shown in Figure 7, Figure 8 and Figure 9. In all cases, CSI mode 1 subsampling method 3 has the best performance. This is due to having a small report 2, a result which is inline with our earlier results [5]: the coverage-limiting factor does not seem to be the payload size of report 1 but rather report 2 which tends to be too large with 11 bits.
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Figure 7. Performance of PUCCH reporting in case of RI=1 and up to 4-layer spatial multiplexing.
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Figure 8. Performance of PUCCH reporting in case of RI=2 or RI=3 and up to 4-layer spatial multiplexing.
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Figure 9. Performance of PUCCH reporting in case of RI=4 and up to 4-layer spatial multiplexing.

4
Conclusions

Based on discussion above and our simulation results, we propose following:
Proposal: In PUCCH mode 1-1 corresponding to CSI mode 1, subset of the codebook is reported according to Table 3.

Proposal: In PUCCH mode 1-1 corresponding to CSI mode 2, subset of the codebook is reported according to Figure 3.

Moreover, in RAN1#62 following was concluded [2]
· “Further down-selection of the proposed three PUCCH CSI reporting modes is not precluded in the Rel.10 timeframe”
To aid further discussions on this aspect, we also make the following observation based on our results:
Observation: PUCCH mode 1-1 with CSI mode 1 outperforms PUCCH mode 1-1 with CSI mode 2 both in DL performance as well as in UL coverage.
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Appendix 1 – DL link simulation assumptions

	Parameters
	Values

	Channel model
	SCM Urban Macro, high spread

	BS antenna configuration
	XP: 4 cross-polarized antennas (8 elements), half wavelength spacing
ULA: 8 co-polarized antennas, half wavelength spacing

	UE antenna configuration
	XP: 1 cross-polarized antenna (2 elements)
ULA: 2 co-polarized antennas, half wavelength spacing

	Number of UEs
	1, 2

	UE pairing
	30° separation for adjacent users, inter-user spatial correlation less than 0.4.

	UE velocity
	3km/h

	Number of layers per UE
	up to 2

	System bandwidth
	10 MHz

	Allocated PRBs
	50

	Number of PDCCH symbols per TTI
	2

	DRS
	CDM, 12REs per TTI

	Rank adaptation
	Yes

	Link adaptation
	Yes

	Precoding granularity
	50 PRB

	CSI/CQI feedback scheme
	R1-105011 and subsampling methods

	Feedback delay
	6 ms

	Feedback periodicity
	Long-term 100ms, short-term 10ms

	Feedback granularity
	Long-term 50PRB, short-term 50PRB

	Channel estimation
	Realistic for CRS/CSI-RS based channel estimation

Realistic for DMRS based channel estimation

	Receiver scheme
	MMSE

	Channel code
	Turbo code (8 iterations)

	Number of HARQ re-transmissions
	3 (total 4)


Appendix 2 – UL link simulation assumptions

	Parameters
	Values

	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

	UE speed
	3 km/h


