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1. Introduction
In RAN1#62 meeting, PUCCH 1-1 mode 2 was agreed on that [1]: 
· 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
In RAN1#62Bis, no new agreement was achieved, and companies were encouraged to work offline on a common solution for subsampling – selecting a scheme at RAN1#63.
In this contribution, popular subsampling schemes for PUCCH 1-1 mode 2 are discussed and evaluated throughput link level and system level simulations. Simulation results show that good performance can be achieved by various subsampling schemes. To narrow down the scope of codebook subsampling, we suggest that:
· For rank 1: subset of C1={0,2,4,…,14} and subset of C2={0,2}
· For rank 2: subset of C1={0,2,4,…,14} and subset of C2={0,1}
· For rank 3, subset of C1={0,1,2,3} and subset of C2={2,3,10,11}

· For rank 4, subset of C1={0,1,2,3} and subset of C2={0,1,4,5}
2. Discussion on codebook subsampling for PUCCH 1-1 mode 2
2.1. Rank 1 codebook subsampling
The overall codebook for rank 1 can be parameterized by the DFT angles of the sub-antenna array and the inter-polarization phases; the codebook subsampling for rank 1 essentially is to allocate bits for DFT angles and the polarization phases [2].
7-bit codebook subsampling was recommended for rank 1 in [3-5]. The 7-bit subset can cover all the possible precoders in the overall codebook, and its essence is allocating 5 bits for beam directions and 2 bits for the polarization phases. The advantage of 7-bit codebook subsampling is that it insures no loss of quantization accuracy, while larger bit width which may lead to more feedback error on PUCCH is its shortcoming comparing with other subsampling schemes.
Several subsampling methods can derive the same 7-bit subset. For example, it can be derived by subset of C1={0,2,4,…,14} and subset of C2={0,1,2,…,15}, and it can also obtained by subset of C1={0,1,2, …,15} and subset of C2={0,1,2,…,7}.
Besides 7-bit codebook subsampling, 5-bit subset (4 bits for beam angles and 1 bit for the polarization phases) and 4-bit subsampling (3 bits for beam angles and 1 bit for co-phasing) were also suggested [2, 6-8]. For 5-bit subsampling, the beam directions and polarization phases are jointly selected, while they are separately chosen for 4-bit scheme. 4-bit or 5-bit subsamling can save the overhead on PUCCH thus improve the reliably of feedback, however, performance loss may be induced by relative low spatial resolution.
There are also different subsampling methods for the same 5-bit or 4-bit subset. One way to get the above 5-bit subsampling is subset of C1={0,2,4,…,14} and subset of C2={0,2,9,11}, and the above 4-bit subset can be derived by subset of C1={0,2,4,…,14} and subset of C2={0,2}.
2.2. Rank 2 and 4 codebook subsampling
For rank 2 and 4 codebooks, 3 bits for DFT angles and 1 bit for the polarization phases or 4 bits for DFT angles and 0 bit for the polarization phases were preferred by many companies [2-8]. If the 4 bits for DFT angles and the polarization phase are separately selected, we name it as 4+0(16-DFT-S), otherwise, for 4+0(16-DFT-J) the bits for DFT angles and co-phasing are jointly chosen. The scheme with 3 bits for DFT angles and 1 bit for the polarization phases is named as 3+1(8-DFT).
· 3+1(8-DFT):
· Rank 2: subset of C1={0,2,4,…,14} and subset of C2={0,1}
· Rank 4: subset of C1={0,1,2,3} and subset of C2={0,1,4,5}
· 4+0(16-DFT-J):
· Rank 2: subset of C1={0,2,4,…,14} and subset of C2={0,5}

· Rank 4: subset of C1={0,1,2,3} and subset of C2={0,3,4,7}
· 4+0(16-DFT-S):
· Rank 2: subset of C1={0,2,4,…,14} and subset of C2={0,4}
· Rank 4: subset of C1={0,1,2,3} and subset of C2={0,2,4,6}
2.3. Rank 3 codebook subsampling
The codebook subsampling can not be easily separated into DFT angle and polarization phase bit allocation for rank 3. And there are no replicate precoders in the overall rank 3 codebook, therefore, there is exclusive subset expression for each subsample scheme. The allowing subsampling schemes had been mentioned by companies:
· All W1+row1 W2 scheme: subset of C1={0,1,2,3} and subset of C2={0,4,8,12}

· Half W1+row1&3 W2 scheme: subset of C1={0,2} and subset of C2={0,2,4,…,14}

· Half W1+column1&3 W2 scheme: subset of C1={0,2} and subset of C2={0,1,2,3,8,9,10,11}

· All W1+block W2 scheme: subset of C1={0,1,2,3} and subset of C2={2,3,10,11}
Figure 1 gives an illustration of W2 subsampling for rank 3.
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Figure 1: Illustration of rank 3 W2 subsampling
3. Performance evaluation
In this section, we compare SU-MIMO performance of the mentioned subsampling schemes above by link level simulation, and MU-MIMO performance for rank 1 subsampling by system level simulation is also provided. PUCCH mode 1-1 with W determined from a single sub-frame report is used for CSI feedback. Since 7-bit codebook subset includes all precoders in the original codebook for rank 1, obviously, no performance loss will be introduced by this subsampling scheme. Therefore the overall codebook for rank 1 is not evaluated. Both closely spaced dual-polarized (DP) and co-polarized uniform linear array (ULA) are considered in the simulations.
For SU-MIMO, simulation assumptions in the agreed way forward [9] are adopted. The hybrid FDM CDM RS pattern shown in Figure 2 is used for simulation. 3 symbols of PDCCH and 2-ports CRS overhead is considered. The overhead of DM RS is 12 and 24 REs for rank 1~2 and rank 3~4, respectively. 8 CSI-RS ports with 1 RE/port/RB are inserted every 10 ms by data puncturing. The main parameters of link level simulation are given in appendix, Table A1.
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Figure 2: RS pattern for simulation
Figure 3-10 show the simulation results of SU-MIMO with the subsampled codebooks for rank 1~4. 
From Figures 3 and 4, we find that 4-bit subsampling induces small performance loss under both DP and ULA configurations for rank 1 SU-MIMO transmission. And the performance of 5-bit subsampling is approaching that of 7-bit subsampling.
In Figures 5, 9 and 10, the performance loss of codebook subsampling of rank 2 for DP array and rank 4 under both DP and ULA configurations is negligible compared to that of the overall codebook. And the performance loss of subsamling for rank 2 under ULA configuration is also acceptable from Figure 6.
The performance difference of subsampling schemes is more perceptible for rank 3 than rank 2 and 4. Block subsampling scheme has the best performance under DP configuration, while its performance for ULA array is a little worse than that of column1&3 subsampling scheme when SNR is larger than 20dB.
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Figure 3: SU performance for rank 1 (DP, 0.5λ)   
   Figure 4: SU performance for rank 1 (ULA, 0.5λ)
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Figure 5: SU performance for rank 2 (DP, 0.5λ)        Figure 6: SU performance for rank 2 (ULA, 0.5λ)
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Figure 7: SU performance for rank 3 (DP, 0.5λ)        Figure 8: SU performance for rank 3 (ULA, 0.5λ)
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Figure 9: SU performance for rank 4 (DP, 0.5λ)        Figure 10: SU performance for rank 4 (ULA, 0.5λ)
For MU-MIMO system level simulation, single layer transmission is assumed. Maximum 2 UEs are scheduled on the same time/frequency resource. CQI used in UE pairing and MCS selection is calculated according to the algorithm presented in [10]. The other parameters of system level simulation are given in appendix, Table A2.
Table 1 and 2 show the simulation results for rank 1 MU-MIMO transmission under DP and ULA configurations. 4-bit subsampling has about 6~7% performance loss comparing with 7-bit subsampling for cell average SE. And the performance of 5-bit subset is much closer to that of 7-bit subsampling under ULA configuration, and it is similar to that of 4-bit subsampling for DP array.
Table 1: Performance of MU-MIMO under DP antenna configuration (XXXX ->++)
	Subsampling schemes
	Cell average SE
(bits/s/Hz)
	Loss
	5% Cell edge SE
(bits/s/Hz)
	Loss

	7-bit (3+4)
	3.0970
	0%
	0.1123
	0%

	5-bit (3+2)
	2.9736
	4%
	0.1038
	7.6%

	4-bit (3+1)
	2.9148
	5.9%
	0.1021
	9.1%


Table 2: Performance of SU and MU-MIMO under ULA antenna configuration (||||||||->||||)
	Subsampling schemes
	Cell average SE
(bits/s/Hz)
	Loss
	5% Cell edge SE
(bits/s/Hz)
	Loss

	7-bit (3+4)
	3.6219
	0%
	0.1568
	0%

	5-bit (3+2)
	3.6061
	0.4%
	0.1522
	2.9%

	4-bit (3+1)
	3.3702
	7%
	0.1391
	11.3%


Based on above simulation results, 4-bit subsampling brings small performance loss for both SU- and MU-MIMO transmissions comparing with 7-bit subset. Considering the impact of PUCCH payload size on feedback reliability, 4-bit subsampling scheme is preferred for its reliability.

Since the performance of three subsampling schemes for rank 2 is almost the same under both DP and ULA configurations, 3+1(8-DFT) is recommended to keep nesting property with 4-bit subsampling subset of rank 1. For the same reason, 3+1(8-DFT) is also recommended for rank 4.
For rank 3, block subsampling scheme has the best performance under prevalent DP configuration, and its performance of ULA array is also quite well. Moreover, it is nested with 4-bit subsampling of rank 1 and 3+1(8-DFT) of rank 2 and 4. Therefore, we suggested block subsampling scheme for rank 3.
4. Conclusions
From the above discussion and simulation results, we find that good performance can be achieved by various subsampling schemes. To narrow down the scope of codebook subsampling, we suggest that:
· For rank 1: subset of C1={0,2,4,…,14} and subset of C2={0,2}
· For rank 2: subset of C1={0,2,4,…,14} and subset of C2={0,1}
· For rank 3, subset of C1={0,1,2,3} and subset of C2={2,3,10,11}

· For rank 4, subset of C1={0,1,2,3} and subset of C2={0,1,4,5}
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Appendix
Table A1: Link level simulation assumptions

	Parameter
	Assumption

	Carrier frequency
	2.0GHz

	System bandwidth
	10MHz

	UE distribution
	1 UE per cell, uniformly distributed within
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, changed per 400 subframes

	Data transmission BW
	6RBs

	Channel model
	Urban macro with high spread (15° angular spread)

	Fading speed
	3km/h

	Antenna polarization
	8 Tx at eNodeB with 0.5λ spacing, cross-polarized: +/- 45 degrees
4Rx at UE with 0.5λ spacing, cross-polarized: +90/0 degrees

	
	8 Tx at eNodeB with 0.5λ spacing, co-polarized: Vertically polarized antennas
4Rx at UE with 0.5λ spacing, co-polarized: Vertically polarized antennas

	
	Ideal antenna calibration, fixed UE antenna orientation

	Link adaptation
	Without rank adaptation, AMC, HARQ with maximum 3 re-transmissions

	Receiver
	MMSE based on DM RS of serving cell

	Periodicity of CSI RS
	10ms

	Channel estimation
	2-D MMSE on CSI RS and DM RS

	RI/PMI/CQI feedback delay
	5ms

	PMI/CQI granularity
	All-band


Table A2: System level simulation assumptions
	Parameter
	Assumption

	Cellular layout
	Hexagonal grid, 19 sites, 3 sectors per site

	Inter-site distance
	500m

	Load
	10 UE per sector

	Bandwidth
	10MHz

	Distance-dependent path loss
	L=I + 37.6log10(.R), R in kilometers, I=128.1 for 2GHz

	Channel model
	SCM urban macro low spread for 3GPP case 1

	UE speeds of interest
	3km/h

	Scheduler
	Proportional fair

	Antenna polarization
	8 Tx at eNodeB with 0.5λ spacing, cross-polarized: +/- 45 degrees
4Rx at UE with 0.5λ spacing, cross-polarized: +90/0 degrees

	
	8 Tx at eNodeB with 0.5λ spacing, co-polarized: Vertically polarized antennas
4Rx at UE with 0.5λ spacing, co-polarized: Vertically polarized antennas

	
	Ideal antenna calibration, fixed UE antenna orientation

	Receiver
	MMSE

	PMI/CQI granularity
	All-band

	Feedback period
	10ms

	Channel estimation
	Ideal

	Overhead
	3 OSs DL control/ 2 CRS ports/ 12 REs DM-RS per PRB
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