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1 Introduction
Although the physical layer design for carrier aggregation in Rel-10 supports up to 5 component carriers, several features are only optimized for two component carriers. In this contribution, we first provide an overview of the UL ACK/NAK design in Rel-10 carrier aggregation. Then we discuss further enhancements on UL ACK/NAK in Rel-11 carrier aggregation.
2 Overview of UL ACK/NAK design in Rel-10 CA 
Table 1 summarizes the UL ACK/NAK design for FDD in Rel-10 CA. It is noted that ACK/NAK compression (i.e. bundling) schemes is not supported for FDD in Rel-10 CA.

Table 1: UL ACK/NAK design for FDD CA in Rel-10

	Number of configured serving cells
	ACK/NAK transmission

	
	Max number of A/N bits
	Compression schemes
	Transmission schemes

	2
	4
	N/A
	PUCCH format 1b with channel selection, or PUCCH format 3

	3
	6
	N/A
	PUCCH format 3

	4
	8
	N/A
	PUCCH format 3

	5
	10
	N/A
	PUCCH format 3


Table 2 summarizes the UL ACK/NAK design for TDD in Rel-10 CA. The following shall be noted:
· ACK/NAK compression in time domain is not applied for UEs configured with more than 2 serving cells;

· ACK/NAK compression in spatial domain is applied for UEs configured with more than 2 serving cells only when the number of ACK/NAK bits would exceed 20 otherwise;
· ACK/NAK compression is not supported for a UE configured with 2 serving cells and TDD UL-DL configuration 5;

· ACK/NAK transmission is not supported for a UE configured with more than 2 serving cells and TDD UL-DL configuration 5.

Table 2: UL ACK/NAK design for TDD CA in Rel-10
	Number of configured serving cells
	ACK/NAK transmission scheme
	M=2
	M=3
	M=4
	M=9

	2
	PUCCH format 1b with channel selection
	Max number of A/N bits
	4
	4
	4
	N/A

	
	
	Compression schemes
	Time and spatial bundling
	Time and spatial bundling
	Time and spatial bundling
	N/A

	
	PUCCH format 3
	Max number of A/N bits
	8
	12
	16
	18

	
	
	Compression schemes
	N/A
	N/A
	N/A
	N/A

	3
	PUCCH format 3
	Max number of A/N bits
	12
	18
	12
	N/A

	
	
	Compression schemes
	N/A
	N/A
	Spatial bundling
	N/A

	4
	PUCCH format 3
	Max number of A/N bits
	16
	12
	16
	N/A

	
	
	Compression schemes
	N/A
	Spatial bundling
	Spatial bundling
	N/A

	5
	PUCCH format 3
	Max number of A/N bits
	20
	15
	20
	N/A

	
	
	Compression schemes
	N/A
	Spatial bundling
	Spatial bundling
	N/A


3 Enhancements on ACK/NAK in Rel-11 CA
The design of UL ACK/NAK transmission schemes essentially focuses on the tradeoff between UL ACK/NAK detection performance and the corresponding DL throughput loss. To improve the reliability of UL ACK/NAK detection performance, ACK/NAK compression (i.e. bundling) is preferable to reduce the number of transmitted UL ACK/NAK information bits. On the other hand, compression leads to ACK/NAK information loss which consequently requires unnecessary transmission of PDSCH. Specification shall provide a set of sufficient and necessary means for eNB to configure a UE with a proper ACK/NAK transmission scheme. Based on the UL ACK/NAK design in Rel-10 as summarized in Tables 1 and 2, we propose enhancements in the following areas shall be considered in Rel-11.
· ACK/NAK compression scheme for FDD UEs configured with more than 2 serving cells
In Rel-10, ACK/NAK compression scheme is not supported for FDD, irrespective of the number of configured serving cells. The ACK/NACK payload for FDD is determined by the number of configured serving cells and the downlink transmission mode on each CC. Table 3 shows the required SNR of PUCCH format 3 for different numbers of ACK/NAK bits and different channel models [2].

Table 3: Required SINR (dB) for PUCCH format3

	Cases
	Number of ACK/NAK bits

	
	2
	3
	4
	5
	6
	8
	10

	ETU 3km/h
	-9.49*
	-8.78*
	-8.38*
	-8.02*
	-7.77*
	-6.3**
	-4.66**

	EPA 3 km/h
	-8.08*
	-7.75*
	-7.37*
	-6.94*
	-6.65*
	-6.2*
	-5.12**

	ETU 120 km/h
	-9.42*
	-9.04*
	-8.58*
	-8.24*
	-8.15*
	-6.84**
	-4.93**


Note 1: * required SINR determined by 1% ACK(DTX/NAK error

Note 2: ** required SINR determined by 0.1% NAK ( ACK error
PUCCH geometry is useful to determine whether the ACK/NAK requirements can be satisfied in a multi-cell environment. Since multiple UEs may transmit PUCCH in the same PRB, evaluation of PUCCH geometry shall consider the number of interfering UEs per PRB from neighboring cells. Figure 1 shows the PUCCH geometries with 3 and 5 interfering UEs per PRB, respectively. Combing the link level results in Table 2 and the PUCCH geometry in Figure 1, it is seen that about 10% of UEs and about 50% of UEs cannot support 10 ACK/NAK bits with 3 and 5 interfering UEs per PRB, respectively. ACK/NAK compression hence is beneficial in this case. For example, with spatial bundling, at most 5 ACK/NAK bits are required, and the corresponding required PUCCH SNR can be met by almost all UEs as shown in Figure 1.
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Figure 1: PUCCH geometry

· ACK/NAK compression scheme for TDD UEs configured with more than 2 serving cells

For TDD power-limited UE in Rel-10, channel selection with time-domain ACK/NACK bundling is supported if the UE is configured with two serving cells, reducing the payload from 16 bits to 4 bits. For UEs configured with more than 2 serving cells, only PUCCH format 3 can be used for UL ACK/NAK transmission, where time domain bundling is not applied. Consequently, the number of ACK/NAK feedback bits for a TDD UE configured with more than 2 serving cells is much higher. Table 4 [1] shows the required SNR for 12 to 20 ACK/NACK bits. It can be observed from Figure 1 that quite a number of UEs will not have the required SNR to transmit such large payloads of ACK/NACK bits. Hence, ACK/NAK compression schemes (e.g. time domain bundling) in addition to spatial bundling shall be considered for TDD UEs configured with more than 2 serving cells in Rel-11.
Table 4: Required SNR (dB) for ACK/NACK with dual RM coding

	Cases
	Number of ACK/NAK payload bits

	
	12
	14
	16
	18
	20

	ETU 3km/h 5MHz
	-2.82
	-1.44
	-0.59
	0.45
	0.86

	EPA 3km/h 10MHz
	-3.16
	-1.91
	-1.26
	-0.91
	0.01


· ACK/NAK transmission scheme for TDD UL-DL configuration 5

Due to the time constraints in Rel-10, there is no ACK/NAK transmission scheme supported for a TDD UE configured with more than 2 serving cells and TDD UL-DL configuration 5. In addition, time domain bundling is not supported for a TDD UE configured with 2 serving cells and UL-DL configuration 5. It is therefore necessary to define the proper ACK/NAK transmission scheme to complete the physical layer specification. Considering that the number of required ACK/NAK bits for TDD UL-DL configuration 5 is large, ACK/NAK compression schemes are useful.
· Simultaneous transmission of ACK/NAK and periodic CSI 

In Rel-10, in case of collision between periodic CSI and ACK/NACK in a same subframe without PUSCH and the UE is configured with more than one serving cell, the CSI can be transmitted only if the parameter simultaneousAckNackAndCQI provided by higher layers is set TRUE and the UE does not receive PDSCH on any SCells; otherwise CSI is dropped. For a UE configured with more serving cells, the collision between periodic CSI and ACK/NACK becomes more frequent. If the periodic CSI is always dropped, either DL throughput is degraded due to lack of periodic CSI or aperiodic CSI is frequently required which increases the UL overhead and also PDCCH overhead to trigger the aperiodic CSI reporting. ACK/NAK compression is beneficial to resolve the collision with periodic CSI, where compressed ACK/NAK and can transmitted with periodic CSI in the same UL subframe.
4 Conclusion

In this contribution, we discuss enhancements for UL ACK/NAK transmission in Rel-11 carrier aggregation. It is pointed out that additional ACK/NAK compression schemes are beneficial for

· FDD and TDD UEs configured with more than 2 serving cells;

· TDD UEs with UL-DL configuration 5; and

· Simultaneous transmission of ACK/NAK and periodic CSI.

In order to facilitate the design, we propose the following design principles in Rel-11 on UL ACK/NAK:

· Same ACK/NAK coverage for FDD and TDD

· ACK/NAK compression for coverage extension, targeting 1 ACK/NAK feedback bit per serving cell

· DL throughput not significantly degraded due to ACK/NAK compression
In particular, considering that spatial bundling is an effective and error free ACK/NAK compression scheme, we have the following proposal:
Proposal: The application of spatial bundling is configurable for FDD and TDD in Rel-11 carrier aggregation
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