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1. Introduction
In RAN1-62, the following was agreed for FDD ACK/NAK transmission in Rel-10:
· Codebook selection based on configured CCs and configured transmission modes for each CC

· No DAI 

· No explicit DTX
· No carrier-domain A/N bundling 

· For the case of channel selection with simultaneous SR or CQI, this is the baseline, to be confirmed.
The discussion on TDD ACK/NAK transmission in Rel-10 was included in [1] – [9], without final agreement made so far. In this contribution, we further analyze the ACK/NAK transmission scheme in Rel-10 TDD. 
2. TDD ACK/NAK transmission schemes in Rel-10
The following ACK/NAK transmission schemes are possible for TDD in Rel-10:

· Full multiplexing

· Spatial bundling

· Time domain bundling

· Frequency domain bundling
· Full bundling

It has been extensively discussed and understood with the following observations:

· Full multiplexing provides the best performance of DL throughout without any unnecessary retransmissions or error cases caused by DL grant missing.
· Spatial bundling is an effective means to reduce the ACK/NAK payload size without any error cases, at the cost of slightly degraded DL throughput.
· Time domain bundling introduces unnecessary retransmissions and degrades DL throughput, possibly with error cases caused by DL grant missing.
· Frequency domain bundling introduces unnecessary transmissions, possibly with error cases caused by DL grant missing. More importantly, ACK/NAK from different component carriers are less correlated, which significantly degrades the DL throughput and contradicts the design purpose of carrier aggregation.
· Full bundling leads to the worse performance of DL throughput with possibly maximum amount of unnecessary retransmissions. Further, error cases caused by DL grant missing exist.
Given the above observations, it is clear that ACK/NAK full multiplexing shall be the primary ACK/NAK transmission scheme for Rel-10 TDD. In the following, we focus on the design details of ACK/NAK full multiplexing in Rel-10 TDD.

2.1. Number of ACK/NAK bits supported in Rel-10 TDD
It has been agreed that Rel-10 shall support up to 5 component carriers with one ACK/NAK feedback bit per PDSCH transport block. Table 1 shows the maximum number of ACK/NAK feedback bits for different numbers of component carriers as well as different TDD UL-DL configurations, with both full multiplexing and spatial bundling included. 
It is observed from Table 1 that with a maximum of 20 ACK/NAK feedback bits in Rel-10 TDD, ACK/NAK full bundling or spatial bundling can support most of the combinations of configured number of CCs and TDD UL-DL configuration. For the combinations where both full multiplexing and spatial bundling are possible, higher layers can configure whether spatial bundling is applied, in order to reduce the amount of ACK/NAK feedback size if desirable. For the combinations where only spatial bundling is possible, then higher layers shall ensure spatial bundling is configured, since the maximum number of ACK/NAK bits without spatial bundling exceeds the UE capability. It is noted that for TDD UL-DL configuration 5, only the case of 2 DL CCs with spatial bundling generates less than 20 ACK/NAK bits. It shall be further discussed how to handle ACK/NAK transmission for TDD UL-DL configuration 5 with more than 2 DL CCs configured. 

In summary, we have the following proposals:
Proposal 1: The maximum number of ACK/NAK feedback bits in Rel-10 TDD is 20.

Proposal 2: ACK/NAK full multiplexing is supported in Rel-10 TDD, with spatial bundling configurable by higher layers. Higher layers shall ensure spatial bundling is configured for cases where the number of ACK/NAK bits with full multiplexing exceeds 20.
Table 1: Maximum number of ACK/NAK feedback bits
	TDD UL-DL Configuration
	2 CCs
	3 CCs
	4 CCs
	5 CCs

	
	Without spatial bundling
	With spatial bundling
	Without spatial bundling
	With spatial bundling
	Without spatial bundling
	With spatial bundling
	Without spatial bundling
	With spatial bundling

	0
	4
	2
	6
	3
	8
	4
	10
	5

	1
	8
	4
	12
	6
	16
	8
	20
	10

	2
	16
	8
	24
	12
	32
	16
	40
	20

	3
	12
	6
	18
	9
	24
	12
	30
	15

	4
	16
	8
	24
	12
	32
	16
	40
	20

	5
	36
	18
	54
	27
	72
	36
	90
	45

	6
	4
	2
	6
	3
	8
	4
	10
	5


2.2. ACK/NAK coding scheme for full multiplexing
It has been agreed that for PUCCH format 3 with ACK/NAK payload size less than or equal 11 bits, the (32, O) RM code from Rel-8 with circular buffer rate matching is reused. With the proposal that a maximum of 20 ACK/NAK bits is supported in Rel-10 TDD, it is necessary to discuss the corresponding channel coding schemes for ACK/NAK payload size larger than 11 bits. The design of the corresponding channel coding scheme shall minimize the specification and implementation impact. It is critical to note that a low complexity decoding algorithm must be available for larger than 11 ACK/NAK bits, since ML decoding is prohibitive in term of complexity for large number of ACK/NAK bits. 
In [12], it is proposed that Rel-8 tail biting convolutional coding (TBCC) without CRC is applied for ACK/NAK transmission with payload larger than 11 bits. Rel-8 TBCC has minimum impact on implementation since it is already supported in Rel-8. Low complexity decoding algorithm such as Viterbi decoding can be applied. On the other hand, the evaluations in [12] indicate the required SNR for ACK/NAK with TBCC for larger than 11 bits is quite high.
Another possible channel coding scheme for ACK/NAK payload larger than 11 bits is to divide the ACK/NAK feedback bits into two segments, each of which is less than or equal to 10 bits [13]. The (32, O) RM code from Rel-8 can be applied to each of the two segments. Figure 1 illustrates such a channel coding scheme. The corresponding ACK/NAK detection performance is summarized in Table 2, where the link level simulation assumptions and detailed evaluations results are listed in Appendix.
Table 2: Required SNR (dB) for ACK/NAK with the scheme in Figure 1
	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
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Figure 1: Illustration of segmented ACK/NAK coding schemes with Rel-8 RM coding
Given the above discussion, we have the following proposal:

Proposal 3: Either the segmented RM coding scheme as shown in Figure 1 or Rel-8 TBCC without CRC shall be supported as the channel coding scheme for ACK/NAK payload larger than 11 bits in Rel-10.

2.3. Applicability of ACK/NAK full multiplexing in Rel-10 TDD
Assuming ACK/NAK full multiplexing is supported for Rel-10 TDD UEs, it is important to verify if full multiplexing is applicable to a sufficient number of UEs without limiting the use case. The following aspects shall be considered:
· TDD ACK/NAK transmission scheme in Rel-10

It has been agreed that PUCCH format 3 (i.e. DFT-S-OFDM) is supported for UEs capable of feeding back more than 4 ACK/NAK bits. Table 3 shows the required SNR of PUCCH format 3 for different numbers of ACK/NAK bits and different channel models [10]. It is observed that an SNR around -5dB is sufficient to achieve the ACK/NAK performance requirements up to 10 ACK/NAK bits.
Table 3: Required SINR (dB) for ACK/NAK
	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

PUCCH geometry is an important factor to determine whether the ACK/NAK requirements can be satisfied or not 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 2 shows the PUCCH geometries with 1, 3, and 6 interfering UEs per PRB, respectively [11]. It is observed that with fewer number of interfering UEs per PRB, higher PUCCH geometry is achieved due to less inter-cell interference. Combing the link level results in Table 3 and the PUCCH geometry in Figure 2, it is seen that more than 90% of UEs and about 50% of UEs can support up to 10 ACK/NAK bits with 3 and 6 interfering UEs per PRB, respectively. It is noted that the multiplexing capacity of PUCCH format 3 is 5 with normal formant and 4 with shortened format. Hence, it can be concluded that a majority of UEs can support up to 10 ACK/NAK bits.
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Figure 2: PUCCH geometry

· Resource allocation for TDD ACK/NAK transmission scheme in Rel-10 and ICIC

It has been agreed that higher layers shall configure multiple PUCCH format 3 resources for each UE and ACK/NAK resource indicator (ARI) in PDCCH is used to indicate one of the configured resources for an UL subframe. The main benefit of such a design is to reduce the amount of PUCCH format 3 overhead, without compromising the scheduler flexibility. Since the set of multiple PUCCH format 3 resources are configured by higher layers, it is possible to apply ICIC on the PUCCH format 3 PRBs, in order to control the inter-cell interference. It is therefore possible to configure a UE transmitting a large number of ACK/NAK payload bits in PRBs experiencing low inter-cell interference, such that the corresponding required SNR for ACK/NAK can be achieved. For example, with one interfering UE per PRB in neighboring cell, more than 80% of UEs have PUCCH geometry larger than 0 dB as shown in Figure 2. Combined with the evaluations in Table 2, a majority of UEs can support up to 20 bits, provided inter-cell interference is managed. In addition, ARI in PDCCH serves the purpose of controlling the overall PUCCH format 3 overhead. It is further noted that only a small number of UE may transmit more than 11 ACK/NAK bits at the same time.
In summary, the above analysis indicates that ACK/NAK full multiplexing is applicable to a majority of UEs in Rel-10 TDD.

3. Conclusions

In this contribution, we discuss the ACK/NAK transmission scheme in Rel-10 TDD, with the following proposals:

Proposal 1: The maximum number of ACK/NAK feedback bits in Rel-10 TDD is 20.

Proposal 2: ACK/NAK full multiplexing is supported in Rel-10 TDD, with spatial bundling configurable by higher layers. Higher layers shall ensure spatial bundling is configured for cases where the number of ACK/NAK bits with full multiplexing exceeds 20.
Proposal 3: Either the segmented RM coding scheme as shown in Figure 1 or Rel-8 TBCC without CRC shall be supported as the channel coding scheme for ACK/NAK payload larger than 11 bits in Rel-10.
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5. Appendix
	Parameters
	Value

	carrier frequency
	2.0 GHz

	System bandwidth
	5 MHz for ETU, 10 MHz for EPA

	channel model
	ETU 3km/h 5 MHz, EPA 3km/h 10 MHz

	frequency hopping
	at slot boundary

	antenna setup
	1Tx, 2Rx

	RX antenna correlation
	Uncorrelated

	channel estimation
	Practical

	CP type
	normal CP

	signal bandwidth
	180 kHz

	RX false alarm detection threshold
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	Noise estimation
	Ideal

	Number of UEs
	1

	Number of PRBs for PUCCH
	1
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· EPA 3km/h, 10MHz
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