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1 Introduction

According to the agreement at RAN1 #60, a single UE-specific UL CC is configured semi-statically for carrying PUCCH A/N, SRI, and periodic CSI from a UE [1]. As in LTE Rel-8, it is necessary to discuss how to handle the cases when more than one UCI is to be transmitted. In this contribution, we provide our views on handle the case when both CQI and ACK/NACK are to be transmitted on PUCCH in the same subframe.
2 Discussion 

In LTE Rel-8, there are two choices for handling the case that both ACK/NACK and CQI are to be transmitted. One is dropping the CQI and transmitting only the ACK/NACK, the other is supporting simultaneous transmission. When a UE is configured to support simultaneous transmission of ACK/NACK and CQI, a 1-bit or 2-bit ACK/NACK for FDD or a 2-bit bundled ACK/NACK for TDD is multiplexed with CQI on the assigned CQI channel [2]. PUCCH format 2a/2b is used for normal CP, and PUCCH format 2 with jointly encoding of CQI and ACK/NACK is used for extended CP. Dropping CQI was mainly designed for the UEs located at the cell edge, which may not have enough power to send both ACK/NACK and CQI with meeting the performance requirement for both channels [3]. But considering that simultaneous transmission of CQI and ACK/NACK is UE capability [4], dropping CQI is always used for the UEs which are not capable of it, even if the UE is located at the cell centre. 

In LTE-A, due to carrier aggregation, a UE may have multiple ACK/NACKs to be reported in the same sub-frame and have to report the CQI for multiple carriers, so how to handle the case that both CQI and ACK/NACK are to be transmitted may require new designs. When we design and evaluate whether a scheme is suitable, we should consider the collision probability. So in this contribution, we will first evaluate the collision probability of CQI and ACK/NACK in section 2.1, and then provide and evaluate several options for handing the case of CQI and ACK/NACK are to be transmitted in the same subframe. Here, the collision probability of CQI and ACK/NACK means the probability that CQI and ACK/NACK are to be transmitted in the same subframe from a UE.
2.1 Collision porbability of CQI and ACK/NACK 
In Rel-10, the following evaluation mainly focuses on 2 or 3 DL CCs since it is a typical CA scenario. Moreover, we should keep the scenario of 4 or 5 aggregated DL CCs in mind when designing a scheme for CA. The collision probability of CQI and ACK/NACK can be got according to the following formula when multiple CQIs for multiple DL CCs are reported by TDM and the same CQI reporting periodicity is used for each DL CC, 
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Where 
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 indicates the collision probability of CQI and ACK/NACK;
[image: image3.wmf]/

AN

P

 indicates the ACK/NACK reporting probability, which means the probability that a UE has been scheduled and receives the corresponding PDCCH correctly;
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 indicates the CQI reporting periodicity for each DL carrier. Based on the above formula and the CDF of the ACK/NACK reporting probability shown in figure 3 in Appendix B, which is the system level simulation result and the simulation assumptions are shown in Appendix A. The CDF of the collision probability of CQI and ACK/NACK are shown in figure 1 and figure 2. And the average collision probability of CQI and ACK/NACK can be shown in Table 1 which is derived from the average ACK/NACK reporting probability in Table 4. All the evaluation results did not consider avoiding the collision of CQI and ACK/NACK by restricting the scheduler. 
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Fig. 1.  CDF of collision probability of CQI and ACK/NACK for case 1
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Fig. 2.  CDF of collision probability of CQI and ACK/NACK for case 3
Table 1 Average Collision probability of CQI and ACK/NACK
	
	ACK/NACK

 Reporting Probability
	1 CC
	2 CCs
	3 CCs

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

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

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


The case of 1 CC can stand for the scenario in LTE Rel-8, the case of 2 or 3 CCs can stand for the scenarios in LTE-A with carrier aggregation. From figure 1 and figure 2, we can see that the collision probability of CQI and ACK/NACK in LTE-A with carrier aggregation is much larger than that in LTE Rel-8, which would be much larger for the case of 4 or 5 aggregated carriers. And from Table 1, we can see that the average collision probability with carrier aggregation becomes larger, for example, the average collision probability is around 46.8% in case of two aggregated DL CCs and 2ms reporting periodicity for each carrier.

2.2 Schemes for handing the case that both CQI and ACK/NACK are to be transmitted 
Several options have been proposed in [5-10] for handing the case that both CQI and ACK/NACK are to be transmitted in the same subframe. Here is a brief summary and comparison of these options. During RAN1 #62 meeting, it has been agreed as a baseline to have no cross-carrier A/N bundling for simultaneous transmission of CQI and A/N. This precludes the possibility to support simultaneous transmission by bundling ACK/NACK to 1 bit or 2 bits.

Option 1: Drop the CQI and transmit only the ACK/NACK 
As one choice in LTE Rel-8, when both CQI and ACK/NACK are to be transmitted in the same sub-frame, CQI is dropped and ACK/NACK is transmitted on the ACK/NACK channel. However, as described in section 2.1, the collision probability of CQI and ACK/NACK in Rel-10 is much larger than Rel-8 and the average collision probability is high. Dropping the CQI frequently would have heavier impact on the system throughput due to lack of CQI feedback. A remediation way can be triggering aperiodic CQI reporting, but it will cause larger signalling overhead which including aperiodic CQI triggering in PDCCH and aperiodic CQI report in PUSCH. 
Therefore, in Rel-10, we can support dropping CQI as baseline, and it is also necessary to support simultaneous transmission of CQI and ACK/NACK considering the system performance. 
Option 2: Support simultaneous transmission by ACK/NACK spatial bundling
For the case of using format 1b with channel selection for ACK/NACK multiplexing, we can transmit all the CQI information and the ACK/NACK information after spatial bundling on the PUCCH reserved for CQI, e.g., two A/N bits can be transmitted using the reference signal and the left A/N bits can be encoded jointly with the CQI information bits. If the CQI is 11 bits and the ACK/NACK information after spatial bundling is 4bits, the total information needs to be encoded jointly is 13 bits, which would result in  increasing on code rate of (20, A) and thus influence the UCI performance.  
For the case of using DFT-S-OFDM for ACK/NACK multiplexing, we can keep all the CQI information to be jointly encoded with the ACK/NACK information after spatial bundling, and transmit the encoded information on the DFT-S-OFDM channel reserved for ACK/NACK. There are have several benefits to transmit the jointly encoded CQI information and ACK/NACK information on the DFT-S-OFDM channel reserved for ACK/NACK, e.g., it can allow the eNB to detect the case of missing all the PDCCHs corresponding to PDSCH transmission and/or the PDCCH indicating downlink SPS release and thus avoid the problem of DTX to ACK, and it can allow the eNB to know whether the CQI information and the ACK/NACK information are encoded jointly or not. However, if the maximum number of information bits that can be supported by DFT-S-OFDM is 11 bits, the total number of information bits for this option, including the CQI information bits and the ACK/NACK information bits after spatial bundling, would be more than 11 bits in some cases, e.g., the number of CQI information has been up to 11 bits in the subframe where wideband CQI/PMI is reported and the CQI reporting mode is mode 2-1.This solution is not suitable for this case. If the maximum number of information bits that can be supported by DFT-S-OFDM is 20 bits, there is no problem at least for FDD in LTE-A.   
Option 3: Support simultaneous transmission by keeping the important part of the CQI information
For the case of using format 1b with channel selection for ACK/NACK multiplexing, we can keep the important part of the CQI information to be transmitted with the ACK/NACK information on the PUCCH reserved for CQI, the important part of the CQI information could be wideband CQI and/or PMI, that is dropping the 3-bit spatial differential CQI information. Two alternatives can be used in this case:

· Alternative 1: Two A/N bits can be transmitted using the reference signal and the left A/N bits can be encoded jointly with the important part of the CQI information bits. When the left A/N bits are encoded with the important part of the CQI information bits, we can place the A/N information bits after the CQI information bits to reduce the probability of generating ACK/NACK DTX to ACK.
· Alternative 2: All the A/N bits can be encoded jointly with the important part of the CQI information bits, and using a orthogonal sequence to modulate the two reference symbol in each slot to differentiate the case of CQI only transmission and simultaneous transmission of CQI and ACK/NACK, which can avoid the problem of ACK/NACK DTX to ACK. The orthogonal sequence can be [1 1] and [1 -1], and [1 -1] for the case of simultaneous transmission of CQI and ACK/NACK. 
For the case of using DFT-S-OFDM for ACK/NACK multiplexing, we can keep the important part of the CSI information to be encoded jointly with the ACK/NACK information and transmit the encoded information on the DFT-S-OFDM channel reserved for ACK/NACK, the important part of the CQI information could be wideband CQI and/or PMI. As described in option 2, transmitting the encoded information on the DFT-S-OFDM channel reserved for ACK/NACK can have benefits. As described in option 2, if the maximum number of information bits that can be supported by DFT-S-OFDM is 11 bits, the option is not suitable in some case; If the maximum number of information bits that can be supported by DFT-S-OFDM is 20 bits, there is no problem at least for FDD in LTE-A. 
Option 4: Support simultaneous transmission by keeping the important part of the CQI information and ACK/NACK spatial bundling
For the case of using format 1b with channel selection for ACK/NACK multiplexing, we can keep the important part of the CQI information to be transmitted with the ACK/NACK information after spatial bundling on the PUCCH reserved for CQI, the important part of the CQI information could be wideband CQI and/or PMI, that is dropping the 3-bit spatial differential CQI information. The detail of the scheme can be the same as the two alternatives described in option 4.

For the case of using DFT-S-OFDM for ACK/NACK multiplexing, we can keep the important part of the CSI information to be encoded jointly with the ACK/NACK information after spatial bundling and transmit the encoded information on the DFT-S-OFDM channel reserved for ACK/NACK, the important part of the CQI information could be wideband CQI and/or PMI. As described in option 2, transmitting the encoded information on the DFT-S-OFDM channel reserved for ACK/NACK can have benefits. As described in option 2, if the maximum number of information bits that can be supported by DFT-S-OFDM is 11 bits, the option is not suitable in some case; If the maximum number of information bits that can be supported by DFT-S-OFDM is 20 bits, there is no problem at least for FDD in LTE-A. 
The above options are briefly summarized and compared in Table 2.

Table 2 Options for handling the case that both CQI and ACK/NACK are to be transmitted
	
	Pros
	Cons

	Option 1: Drop the CQI and transmit only the ACK/NACK
	· Commonality with Rel-8
	· Dropping all the CQI information have heavier impact on the system throughput due to lack of CQI feedback compared to Rel-8

	Option 2: Support simultaneous transmission by ACK/NACK spatial bundling
	· Avoid the system throughput loss due to dropping all the CQI information 
· Avoid cross-carrier A/N bundling
	· It would result in high code rate for RM (20, A) code and thus influence the UCI performance in some cases.

	Option 3: Support simultaneous transmission by keeping the important part of the CQI information
	· Reduce system throughput loss compared to dropping all the CQI information

· Avoid system throughput loss due to A/N bundling
	· It would have some impact on the system throughput due to dropping the differential CQI information, but the impact is weaker compared to dropping all the CQI information

	Option 4: Support simultaneous transmission by keeping the important part of the CQI information and ACK/NACK spatial bundling
	· Reduce system throughput loss compared to dropping all the CQI information

· Avoid cross-carrier A/N bundling
	· It would have some impact on the system throughput due to dropping the differential CQI information, but the impact is weaker compared to dropping all the CQI information


3 Conclusion 
In this contribution, solutions for handing the case that both CQI and ACK/NACK are to be transmitted in the same subframe are discussed and compared. Based on the discussion, it is proposed that:

· It is considered as baseline to support the scheme of dropping the CQI and transmit only the ACK/NACK. 
· Simultaneous transmission of CQI and ACK/NACK without cross-carrier ACK/NACK bundling should be supported in LTE-A.

· Supporting simultaneous transmission by keeping the important part of the CQI information and/or ACK/NACK spatial bundling can be considered.
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Appendix A

Simulation Assumptions 

Table 3 Simulation Assumptions 

	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


Appendix B

System-level Simulation Results 

In order to evaluate the ACK/NACK reporting probability in LTE, system-level simulation was done based on the assumption in Table 3. The simulation results on the CDF of ACK/NACK reporting probability are shown in figure 3. 
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Fig. 3.  CDF of ACK/NACK Reporting Probability with Full Buffer
The average ACK/NACK reporting probability for case 1 and case 3 is shown in Table 4. 

 Table 4 Average ACK/NACK Reporting Probability 
	
	Average ACK/NACK Reporting Probability

	Case 1
	46.8%

	Case 3
	45.2%


The simulation results shown in figure 3 and Table 4 are simulated based on the scenario in LTE Rel-8, that is, the number of DL CC allocated to each UE is 1. But the simulation results is also suitable for the case of carrier aggregation, because it is reasonable to assume that a UE needs carrier aggregation because of large amount of data to be transmitted, so the evaluation results using full buffer scheduling model is suitable. 
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