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1 Introduction

In the RAN1#66bis meeting, improvements for uplink control signalling in carrier aggregation were discussed and it was concluded that the potential UL control signalling issues for consideration include [1]:

· Multiple periodic CSI in a subframe

· Periodic CSI and HARQ-ACK in a subframe

· Periodic CSI and SRS in a subframe
· Simultaneous PUSCH and SRS 

· HARQ-ACK bundling
The contribution firstly discusses the necessity of supporting periodic CSI and HARQ-ACK in a subframe based on evaluations and trade-off analysis, and then provides a possible scheme for supporting simultaneous transmission of periodic CSI and HARQ-ACK.    
2 Necessity on simultaneous transmission of periodic CSI and HARQ-ACK
2.1 Evaluations  
In this section, the collision probability of periodic CSI and HARQ-ACK was evaluated, and then the DL throughput loss brought by different periodic CSI dropping probability was evaluated. Here, the collision probability of periodic CSI and HARQ-ACK means the probability that HARQ-ACK is to be transmitted in the subframe configured to a UE by higher layers for transmission of periodic CSI.
Collision probability of periodic CSI and HARQ-ACK  
The collision probability of periodic CSI and HARQ-ACK can be obtained according to the following formula, assuming multiple periodic CSI for multiple DL serving cells are reported by TDM with the same CSI reporting periodicity for each DL serving cell, 
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Where 
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 indicates the collision probability of periodic CSI and HARQ-ACK;
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 indicates the HARQ-ACK reporting probability, which means the probability that a UE has been scheduled and receives the corresponding PDCCH correctly;
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 indicates the periodic CSI reporting periodicity for each DL serving cell. Based on the above formula and the average HARQ-ACK reporting probability shown in Table 6 in Appendix B, we can get the average collision probability of periodic CSI and HARQ-ACK as shown in Table 1. All the evaluation results did not consider avoiding the collision of periodic CSI and HARQ-ACK by restricting the scheduler. 
Table 1 Average Collision probability of periodic CSI and HARQ-ACK in FDD
	
	HARQ-ACK
 Reporting Probability
	1 CC
	2 CCs
	3CCs
	4CCs
	5CCs

	
	
	Np=2ms
	Np=5ms
	Np=2ms
	Np=5ms
	Np=5ms
	Np=5ms
	Np=5ms

	Case 3
	45.2%
	22.6%
	9.04%
	45.2%
	18.08%
	27.12%
	36.16%
	45.2%

	Case 1
	46.8%
	23.4%
	9.36%
	46.8%
	18.72%
	28.08%
	37.44%
	46.8%


From Table 1, we can see that the average collision probability is large, especially for the cases of more than two aggregated serving cells and the cases of 2ms reporting periodicity for each serving cell. In TDD, the collision probability will be even larger, because both periodic CSI and HARQ-ACK need to be transmitted in limited UL subframes.  
Impact on DL throughput  
In Rel-10, if periodic CSI and HARQ-ACK are to be transmitted in the same subframe on PUCCH, the periodic CSI report is dropped except for the following two cases:

· The HARQ-ACK corresponds to a PDSCH transmission or PDCCH indicating downlink SPS release only on the primary cell.

· The HARQ-ACK corresponds to PDSCH and/or PDCCH indicating downlink SPS release only on primary cell and the UE is configured with TDD format 1b with channel selection. 
Considering simultaneous transmission has been supported for the above two cases, the periodic CSI dropping probability will be a little smaller than the collision probability of periodic CSI and HARQ-ACK. However, dropping CSI will still happen frequently when the number of activated serving cells is more than 2. Dropping the CSI frequently would have heavier impact on the DL throughput due to the lack of CSI feedback.
In order to study the impact on DL throughput brought by dropping periodic CSI, we evaluate the DL throughput with different periodic CSI dropping probability based on the assumption in Table 5 in Appendix A. Table 2 and 3 show the simulation results. From Table 2 and Table 3, we can see that both the DL cell average throughput and cell edge throughput degrade significantly when the periodic CSI dropping probability is about 30% and 50%. Based on the evaluation results of the collision probability of periodic CSI and HARQ-ACK, we can see that the average periodic CSI dropping probability is about 30% for the cases of 3 or 4 aggregated cells, and the periodic CSI dropping probability is a little less than 50% for the case of 5 aggregated cells and the case of 2 aggregated cells with 2ms reporting periodicity for each cell. Thus, the impact on DL throughput brought by periodic CSI dropping because of collision with HARQ-ACK is non-negligible. For example, based on the average periodic CSI dropping probability and the simulation results shown in Table 2 and Table 3, we can see that more than 6.5% cell average throughput loss will happen for the case of 4 aggregated cells, and more than 5% cell average/cell edge throughput loss will happen for the case of 2 aggregated cells with 2ms reporting periodicity for each cell.   
Table 2: DL throughput with different CSI dropping probability for the case of 2 aggregated cells
	Np=2ms

	CSI dropping probability
	Case 1
	Case 3

	
	Cell average
	Cell edge
	Cell average
	Cell edge

	
	Mbps
	Loss
	kbps
	Loss
	Mbps
	Loss
	kbps
	Loss

	0%
	32.9
	0%
	1088.1
	0%
	30.4
	0%
	807.5
	0%

	15%
	32.6
	1%
	1077.7
	0.96%
	30.1
	0.95%
	780.8
	3.31%

	30%
	32.1
	2.49%
	1066.6
	1.97%
	29.7
	2.34%
	777.2
	3.75%

	50%
	31.0
	5.83%
	1026.9
	5.62%
	28.57
	6.02%
	748.3
	7.33%

	90%
	22.4
	31.97%
	632.58
	41.86%
	20.43
	32.8%
	451.4
	44.1%

	Np=5ms

	CSI dropping probability
	Case 1
	Case 3

	
	Cell average
	Cell edge
	Cell average
	Cell edge

	
	Mbps
	Loss
	kbps
	Loss
	Mbps
	Loss
	kbps
	Loss

	0%
	30.95
	0%
	1037.1
	0%
	28.59
	0%
	743.7
	0%

	15%
	30.11
	2.71%
	1002.2
	3.37%
	27.87
	2.52%
	738.3
	0.73%

	30%
	28.83
	6.85%
	941.1
	9.26%
	26.92
	5.84%
	710.4
	4.48%

	50%
	26.51
	14.35%
	869.2
	16.19%
	24.51
	14.27%
	621.2
	16.46%

	90%
	20.61
	33.41%
	481.2
	53.61%
	19.06
	33.33%
	315.1
	57.64%


Table 3: DL throughput with different CSI dropping probability for the case of 4 aggregated cells

	Np=5ms

	CSI dropping probability
	Case 1
	Case 3

	
	Cell average
	Cell edge
	Cell average
	Cell edge

	
	Mbps
	Loss
	kbps
	Loss
	Mbps
	Loss
	kbps
	Loss

	0%
	30.76
	0%
	1001.9
	0%
	28
	0%
	804.7
	0%

	15%
	29.97
	2.57%
	990.8
	1.12%
	27.18
	2.93%
	772.5
	4%

	30%
	28.76
	6.5%
	936.4
	6.54%
	26.1
	6.79%
	765.7
	4.85%

	50%
	26.52
	13.78%
	822.6
	17.91%
	23.84
	14.86%
	676.2
	15.97%

	90%
	19.51
	36.57%
	479.8
	52.12%
	17.61
	37.11%
	397.0
	50.67%


2.2 Trade-off analysis  
The trade-off analysis for supporting simultaneous transmission of periodic CSI and HARQ-ACK can be found in figure 2 in [2], and a trade-off analysis for supporting simultaneous transmission of periodic CSI and HARQ-ACK on PUCCH format 3 is also given in section 3.2. From the analysis, we can see that supporting simultaneous transmission of periodic CSI and HARQ-ACK will avoid dropping CSI frequently and thus avoid heavy impact on DL throughput, while some complexity will be brought to specification and implementation. Supporting simultaneous transmission of periodic CSI and HARQ-ACK is beneficial for carrier aggregation scenario.

2.3 Summary of discussions  
Based on the evaluations in section 2.1, we can see that the average collision probability of periodic CSI and HARQ-ACK is high especially for the cases of more than two aggregated serving cells and the cases of 2ms reporting periodicity for each serving cell, which will result in frequent periodic CSI dropping and therefore significant cell average/cell edge throughput degradation. Based on the trade-off analysis, we can see that supporting simultaneous transmission of periodic CSI and HARQ-ACK in carrier aggregation scenario will avoid dropping CSI frequently and thus avoid heavy impact on system performance, although some standard effort and implementation complexity will be brought. Thus, supporting simultaneous transmission of periodic CSI and HARQ-ACK is necessary.
Proposal: Simultaneous transmission of periodic CSI and HARQ-ACK is supported in carrier aggregation.
3 Simultaneous transmission of periodic CSI and HARQ-ACK on PUCCH format 3  

As discussed in section 2, it is necessary to support simultaneous transmission of periodic CSI and HARQ-ACK in carrier aggregation. The scheme for simultaneous transmission of periodic CSI and HARQ-ACK should be aligned with the possible scheme for simultaneous transmission of multiple periodic CSI. From the analysis in [3], we can see that PUCCH format 3 is also a promising candidate for simultaneous transmission of multiple periodic CSI. In this section, we provide the scheme for simultaneous transmission of periodic CSI and HARQ-ACK on PUCCH format 3. If other scheme like periodic PUSCH or modified PUCCH format 3 is used for multiple periodic CSI reporting, or if simultaneous transmission of multiple periodic CSI reporting is not supported in Rel-11, the scheme for simultaneous transmission of periodic CSI and HARQ-ACK can be FFS.
3.1 Scheme 
For simplicity and guaranteeing the performance of HARQ-ACK and periodic CSI, it is preferred that the periodic CSI information bits transmitted with HARQ-ACK on PUCCH format 3 is from a single serving cell. When the total overhead of HARQ-ACK and periodic CSI to be transmitted in the subframe exceeds the capacity of PUCCH format 3, with consideration of enough coverage, part of periodic CSI information bits can be dropped. 
Simultaneous transmission of periodic CSI and HARQ-ACK on PUCCH format 3 can be supported according to the following principles: 
· The number of HARQ-ACK bits is the same as that for the case of HARQ-ACK only. 
· No HARQ-ACK bundling for FDD.
· HARQ-ACK spatial bundling and/or time-domain bundling are used in the same way as that for the case of HARQ-ACK only for TDD. 
· The periodic CSI information bits are from only one serving cell. 

· If multiple periodic CSI of multiple serving cells are to be transmitted, only the periodic CSI with the highest priority is transmitted. The priority rule for periodic CSI only in Rel-10 can be used.
· For the case of using format 3 for HARQ-ACK feedback, drop the 3-bit spatial differential CSI information for the reporting mode PUCCH mode 1-1 and PUCCH mode 2-1 if the number of the total information bits is more than 21 and less than 25. The total information bits include the bits for CSI, HARQ-ACK and SRI.  
· Joint coding of periodic CSI and HARQ-ACK. 
· In the subframe configured to the UE by higher layers for transmission of scheduling request, one scheduling request bit is transmitted with periodic CSI and HARQ-ACK. The detail is FFS. 
· PUCCH format 3 resource configured for periodic CSI is used for the case of using format 1b with channel selection for HARQ-ACK feedback. PUCCH format 3 resource configured for HARQ-ACK is used for the case of using format 3 for HARQ-ACK feedback.
For joint coding, it can reuse the coding block for the case of HARQ-ACK only and thus has less impact on the specification and implementation.
Another alternative for the coding scheme of periodic CSI and HARQ-ACK is separate coding, and the detail of coding scheme needs further study.
3.2 Trade-off analysis  
The trade-off analysis of supporting simultaneous transmission of periodic CSI and HARQ-ACK on PUCCH format 3 is shown in figure 1. From the analysis, we can see that it can avoid dropping CSI frequently and thus avoid heavy impact on DL throughput, although some complexity will be brought to specification and implementation. Thus, supporting simultaneous transmission of periodic CSI and HARQ-ACK on PUCCH format 3 can be considered in carrier aggregation. 
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Figure 1 Trade-off analysis for simultaneous transmission of periodic CSI and HARQ-ACK on PUCCH format 3
4 Conclusion 
In this contribution, we provide our views on simultaneous transmission of periodic CSI and HARQ-ACK. Based on the analysis in section 2 and 3, we have the following proposal:

Proposal: Simultaneous transmission of periodic CSI and HARQ-ACK is supported in carrier aggregation.
· Supporting simultaneous transmission of periodic CSI and HARQ-ACK on PUCCH format 3 can be considered.
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Appendix A

Simulation Assumptions 

Table 4 Simulation Assumptions for HARQ-ACK Reporting Probability 

	Parameter
	Assumption

	CC BW
	10MHz (50RBs), FDD

	Antenna configuration
	4x2 SU-MIMO

	PDSCH Scheduler
	PF

	Traffic Model
	Full buffer

	Number of max. UEs within a sub-frame
	10

	UE speed
	3 km/h

	Channel model
	SCM Case 1 and Case 3

	Channel estimation
	Ideal

	Simulation time
	2s


Table 5 Simulation Assumptions for DL Throughput 
	Parameter
	Assumption

	Bandwidth
	2CCs: 10MHz + 10MHz
4CCs: 5MHz + 5MHz + 5MHz + 5MHz  

	Duplex
	FDD

	Antenna configuration
	2x2 SU-MIMO

	PDSCH Scheduler
	PF

	Average UE per sector
	10

	UE speed
	3 km/h

	Channel model
	SCM Case 1 and Case 3

	Periodic CSI type
	PUCCH UE Selected subband feedback 

	Number of cycles of bandwidth parts
	3

	BLER target
	10%


Appendix B

System-level Simulation Results 

In order to evaluate the HARQ-ACK reporting probability in LTE, system-level simulation was done based on the assumption in Table 4. The simulation results on the CDF of HARQ-ACK reporting probability are shown in figure 2. 
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Figure 2 CDF of HARQ-ACK Reporting Probability with Full Buffer

The average HARQ-ACK reporting probability for case 1 and case 3 is shown in Table 6. 

 Table 6 Average HARQ-ACK Reporting Probability 
	
	Average HARQ-ACK Reporting Probability

	Case 1
	46.8%

	Case 3
	45.2%


The simulation results shown in figure 2 and Table 6 are simulated based on the scenario in LTE Rel-8, that is, the number of DL CC allocated to each UE is 1. However, the simulation results is also suitable for the case of carrier aggregation, because it is reasonable to assume that a UE needs carrier aggregation since large amount of data to be transmitted by full buffer scheduling modelling. 
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