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1. Introduction
Figure 1 shows the EUTRA TDD Frame Structure [1]. Different subframes are allocated for downlink (DL) or uplink (UL) transmissions. Table 1 shows applicable DL/UL subframe allocations [1]. 
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Figure 1: EUTRA TDD Frame Structure
Table 1: Uplink-downlink allocations

	Configuration
	Switch-point periodicity
	Subframe number

	
	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	0
	5 ms
	D
	S
	U
	U
	U
	D
	S
	U
	U
	U

	1
	5 ms
	D
	S
	U
	U
	D
	D
	S
	U
	U
	D

	2
	5 ms
	D
	S
	U
	D
	D
	D
	S
	U
	D
	D

	3
	10 ms
	D
	S
	U
	U
	U
	D
	D
	D
	D
	D

	4
	10 ms
	D
	S
	U
	U
	D
	D
	D
	D
	D
	D

	5
	10 ms
	D
	S
	U
	D
	D
	D
	D
	D
	D
	D

	6
	10 ms
	D
	S
	U
	U
	U
	D
	S
	U
	U
	D


One property of TDD is that the number of UL and DL subframes can be different. In the configurations where there are more DL subframes than UL subframes, multiple DL subframes are associated with one single UL subframe, for the transmission of corresponding control signal. For example, for each dynamically scheduled transmission in the DL subframes, ACK/NAK bits need to be transmitted in an associated UL subframe to support proper hybrid ARQ (HARQ) operation. If a UE is scheduled in a multiple of DL subframes, which are all associated with one UL subframe, the UE needs to transmit multiple ACK/NAK bits in that UL subframe. 
ACK/NAK bundling is supported to resolve the issue of coverage. On the other hand, ACK/NAK bundling causes unnecessary retransmission, since all packets in the bundling window are retransmitted if there is one packet received incorrectly. Consequently, adopting ACK/NAK bundling across system reduces DL throughput. Therefore, multiple ACK/NAK transmission shall be supported in TDD, in addition to ACK/NAK bundling. In this contribution, we propose a detailed method for multiple ACK/NAK transmission in TDD.
2. Design Guidelines

In LTE TDD, there could be 1, 2, 3, 4, or 9 DL subframes associated with 1 UL subframe. Therefore, the number of ACK/NAK bits to be transmitted in the UL subframe can be 1, 2, 3, 4, 6, 8, 9, or 18. Apparently, to support such a dynamic range of number of ACK/NAK is not desirable, from the ACK/NAK detection performance point of view. In the following, we present our views on the design of multiple ACK/NAK transmission in TDD.
Table 2 shows the supported number of ACK/NAK bits, for different DL/UL ratios. Overall, the maximum number of multiple ACK/NAK bits is 4. For DL MIMO mode in DL/UL ratio of 3 or 4, we propose ACK/NAK sub-bundling to reduce the number of multiple ACK/NAK bits. In addition, we propose to have 2 states for each ACK/NAK bit, i.e. ACK or NAK/DTX. For the DL subframes in which UE does not detect DL grant, NAK is transmitted for the corresponding DL subframes.
Table 2: Number of Multiple ACK/NAK Bits

	Number of DL subframes associated with 1 UL subframe
	Maximum number of ACK/NAK bits

	
	Non-spatial multiplexing
	Spatial multiplexing

	
	Pure Bundling
	No Bundling
	Pure Bundling
	Spatial Sub-bundling

	2
	1
	2
	2
	2

	3
	1
	3
	2
	3

	4
	1
	4
	2
	4

	9
	1
	4
	2
	4
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Figure 2: Pure Bundling
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Figure 3: Spatial Sub-bundling across MIMO Codewords

Figure 2 shows the case of pure bundling, where the multiple ACK/NAK bits are bundled into 1 or 2 bits, depending on the number of DL spatial codewords. Figure 3 shows an example of spatial sub-bundling for DL/UL ratio of 4, where ACK/NAK sub-bundling is performed across MIMO (spatial multiplexing) codewords per DL subframe.  
3. Proposed Format of Multiple ACK/NAK Bit Transmission

In this section, we describe a transmission scheme for multiple ACK/NAK bits in TDD. We propose to reuse PUCCH format 1a/1b, combined with ACK/NAK channel selection. The ACK/NAK channels are derived from multiple DL subframes, or from multiple CCEs in one DL subframe. 

Table 3: QPSK Symbols

	QPSK
	Symbols

	Q1
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Table 3 shows notations for QPSK symbols. Moreover, denote the ACK/NAK bits as (b1, b2, …, bn) and the ACK/NAK channels as (h1, h2, …, hn), where n = 2, 3, or 4. 
Table 4: DL:UL = 2 : 1, 2 ACK/NAK Bits transmitted on 2 ACK/NAK Channels

	b2 b1
	(A/N Channel, QPSK symbol)

	11
	(h2, Q1)

	10
	(h2,  Q4)

	01
	(h1, Q3)

	00
	DTX


Table 5: DL : UL = 3 : 1, 3 ACK/NAK Bits transmitted on 3 ACK/NAK channels

	b3 b2 b1
	(A/N Channel, QPSK symbol)

	111
	(h3, Q1)

	110
	(h3,  Q2)

	101
	(h3, Q3)

	100
	(h3, Q4)

	011
	(h2, Q1)

	010
	(h2, Q4)

	001
	(h1, Q3)

	000
	DTX


Table 6: DL : UL = 4 : 1, 4 ACK/NAK Bits transmitted on 4 ACK/NAK channels

	b4 b3 b2 b1
	(A/N Channel, QPSK symbol)

	1111
	(h2, Q1)

	1110
	(h2,  Q4)

	1101
	(h4, Q1)

	1100
	(h4, Q3)

	1011
	(h1, Q2)

	1010
	(h4, Q2)

	1001
	(h1, Q3)

	1000
	(h4, Q4)

	0111
	(h3, Q1)

	0110
	(h3, Q2)

	0101
	(h3, Q3)

	0100
	(h3, Q4)

	0011
	(h2, Q2)

	0010
	(h2, Q3)

	0001
	(h1, Q1)

	0000
	DTX


Tables 4 – 6 show transmission schemes for 2, 3, or 4 simultaneous ACK/NAK bits. Some assumptions are 

· “1” represents ACK and “0” represents NAK or DTX (i.e. UE misses DL grant in that DL subframe)

· The notation of (hi, Qj) represents transmitting QPSK symbol Qj on ACK/NAK channel hi
· DTX and NAK share the same state.
· Tables 4 – 6 are designed for sub-bundling across MIMO codewords, for DL/UL ratio of 3 or 4, i.e. 1 ACK/NAK bit per DL subframe.

· If UE has an ACK (i.e. “1”) on DL subframe j, UE must have decoded its DL grant correctly. Therefore, the ACK/NAK channel hj corresponding to DL subframe j is always available. 

· For MIMO operation, it is assumed that the UE can derive two ACK/NAK channels corresponding to that DL subframe. 

· For the case of all “0”s, i.e. UE does not correctly receive any DL packets, UE transmits DTX.
In essence, the basic design principle is to transmit multiple ACK/NAK bits on one of the ACK/NAK channels that UE has correctly received the DL packets, with PUCCH format 1a/1b. With the proposed method, no additional PUCCH resource needs to be reserved for the transmission of multiple ACK/NAK bits. 
In order to limit the maximum number of ACK/NAK bits and improve the transmission reliability, DTX and NAK share a common state in this proposal. Effectively, the all-0 case in Tables 4 – 6 represents several DTX/NAK combinations.  
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Figure 4: DTX/NAK combinations for DL : UL = 2 : 1
Figure 4 shows 4 possible DTX/NAK combinations for DL/UL = 2. According to Table 4, the UE behavior is to transmit DTX (i.e. transmit nothing) for the “00” case. Alternatively, the UE behavior can be revised as in Figure 5. Essentially, UE transmits in the ACK/NAK channel corresponding to a DL subframe where DL grant is detected but PDSCH is incorrectly decoded. In other words, the probability of UE transmitting DTX is reduced, with the expense that the number of hypothesis testing is slightly increased at NodeB. 
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Figure 5: Revised UE behavior for DL : UL = 2 : 1
Based on Figure 5, Table 4 can be revised as Table 7.

Table 7: DL:UL = 2 : 1, 2 ACK/NAK Bits transmitted on 2 ACK/NAK Channels

	b2 b1
	(A/N Channel, QPSK symbol)

	11
	(h2, Q1)

	10
	(h2,  Q4)

	01
	(h1, Q3)

	00
	DTX or (h1, Q2) or (h2, Q2)


Similarly, for DL/UL ratio of 3, Table 5 can be revised to Table 8, according to Figure 6. Note the mapping schemes in Tables 4 – 8 are not unique and only exemplary for illustration purpose. 

Table 8: DL : UL = 3 : 1, 3 ACK/NAK Bits transmitted on 3 ACK/NAK channels

	b3 b2 b1
	(A/N Channel, QPSK symbol)

	111
	(h3, Q1)

	110
	(h3,  Q2)

	101
	(h1, Q1)

	100
	(h3, Q4)

	011
	(h2, Q1)

	010
	(h2, Q4)

	001
	(h1, Q3)

	000
	DTX or (h1, Q2) or (h2, Q2) or (h3, Q3)
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Figure 6: Revised UE behavior for DL : UL = 3 : 1
4. Configuration of TDD ACK/NAK Transmission Mode

The ACK/NAK transmission mode in TDD is UE specific and RRC configured. Each UE is semi-statically configured between “non-spatial multiplexing” mode and “spatial multiplexing” mode for its DL transmissions. For a “non-spatial multiplexing” UE, its ACK/NAK transmission is further configured between “pure bundling” and “no bundling”. For a “spatial multiplexing” UE, its ACK/NAK transmission is further configured between “pure bundling” and “spatial sub-bundling”. 
5. Summary
In this contribution, we propose to support multiple ACK/NAK transmission in TDD, by PUCCH format 1a/1b combined with ACK/NAK channel selection. The multiple ACK/NAK channels are derived from multiple DL subframes or from multiple CCEs in one DL subframe. Moreover, we propose that the maximum number of ACK/NAK bits is 4 where sub-bundling needs to be performed in some configurations.
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