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1 Introduction
In RAN1#62bis, the method to support up to 20 HARQ-ACK bits in PUCCH format 3 for TDD was agreed and it was FSS whether to support partial bundling (time-domain or cell-domain bundling) in addition to spatial bundling in case the number of HARQ-ACK bits to be indicated would be >x. 

This contribution considers aspects for partial HARQ-ACK bundling which can be beneficial for:

a) Providing the required HARQ-ACK reliability for low-to-average PUCCH geometries

b) HARQ-ACK overhead reduction and reliability in the PUSCH. 
Simulation results show that time-domain bundling is preferable to cell-domain bundling. 
2 Partial HARQ-ACK bundling schemes in TDD

In addition to spatial bundling, time-domain bundling and cell-domain bundling are also considered. 
2.1  CC bundling

Cell-domain bundling is suggested in [1]. To have a maximum overhead similar to FDD, the configured cells of a UE could be divided into several groups and HARQ-ACK bundling could then be done in each cell group. DAI here should indicate the total number of scheduled PDSCH transmissions in each cell group. For example, to have a payload size of 12 HARQ-ACK bits, a possible grouping for 5 cells (CCs) is shown in Figure 1 where 5 CCs are divided into 3 CC groups, i.e. CC1 is the first group, CC2 and CC3 are in the second group, while CC4 and CC5 are in the third group. 
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Figure 1: Cell-domain bundling.
Since the correlation for the outcome of PDSCH receptions in different cells can be low, for example for inter-frequency or heterogeneous operation, cell-domain HARQ-ACK bundling may result in large DL throughput loss. Link level throughput results in Section 5 show that time-domain bundling significantly outperforms cell-domain bundling. 
2.2  Time-Domain bundling

2.2.1 Time-Domain bundling in Rel-8

There are 2 HARQ-ACK bundling methods defined in Rel-8. In the first method, one HARQ-ACK bit is generated for each codeword across the sub-frames in the bundling window by logical AND operation of all the individual PDSCH transmissions as shown in Figure 2. 
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Figure 2: Bundling per codeword in Rel-8
In case HARQ-ACK is transmitted with SR or CQI, a second HARQ-ACK bundling method is defined in Rel.8, i.e. spatial HARQ-ACK bundling across codewords within each PDSCH transmission is applied first and then the number of ACKs in the bundling window is reported. The number of ACKs is mapped to 2 bits and transmitted by PUCCH format 1b or format 2 [2]. The mapping table between the number of ACKs and the 2 bits 
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 is defined in [2] (Table 7.3-1). 
Table 7.3-1: Mapping between multiple ACK/NACK responses and 
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	0 or None (UE detect at least one DL assignment is missed)
	0, 0

	1
	1, 1

	2
	1, 0

	3
	0, 1

	4
	1, 1

	5
	1, 0

	6
	0, 1

	7
	1, 1

	8
	1, 0

	9
	0, 1


By reporting number of ACKs, the DAI failure case resulting from missing the last PDCCH is avoided. However this information is not adequate for the eNB to know which PDSCH were correctly received and which were not unless the feedback from the UE is that all PDSCH were correctly received or none was correctly received. 
2.2.2  Time-Domain Bundling in TDD with CA
The first Rel-8 bundling method (Figure 2) is not suitable for channel selection in LTE-A TDD due to the well-known problem of the UE missing the last PDCCH. The second Rel-8 bundling method (Table 7.3-1) is more promising but improving the information it conveys is necessary so that the eNB can have some knowledge about which PDSCH were correctly received and which were missed or incorrectly received by the UE. 

In the second Rel-8 bundling method (Table 7-3.1), the ‘number of ACKs’ is defined as the number of ACKs obtained by spatial ACK/NAK bundling and for each PDSCH transmission. For example, if the UE receives 3 PDSCH and only one of the spatially bundled ACK/NACK responses is an ACK, then irrespective of the subframe index for the PDSCH generating the ACK, the UE conveys 1 ACK to eNB. Then, the eNB can only know that the UE decoded 1 of the 3 PDSCH correctly and cannot know the respective. Consequently, the eNB has to retransmit all PDSCH. Clearly, this form of feedback can be improved to convey more useful information so that it does not penalize the TDD operation.

The definition for the number of ACKs can be improved to indicate the number of contiguous ACKs from the first actual PDSCH transmission in the bundling window. The PDSCH transmissions are ordered according to the DAI values in the respective PDCCH and SPS PDSCH is always ordered before dynamic PDSCH. This definition for the number of ACKs is also immune to the DAI failure in the last sub-frame(s). After receiving a number, 
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, of contiguous ACKs for a cell, the eNB can know the following:

· If 
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 equals to the total number of PDSCH, the eNB concludes that the UE correctly received all PDSCH (this is common with the second Rel-8 bundling method);

· If 
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 is less than the total number of PDSCH, the eNB can still conclude that the UE correctly received the first 
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 PDSCH and missed or incorrectly received the immediately next PDSCH, if any. In this manner the eNB can avoid unnecessary retransmissions and in many cases obtain full HARQ-ACK information as if bundling was not applied.

Some examples for the above HARQ-ACK feedback are shown in Figure 3. In Figure 3a, the eNB transmits 4 PDSCH but the UE does not correctly receive the third one. The UE reports that the first 2 PDSCH were correctly received (2 ACKs) and then the eNB can additionally know that the third PDSCH was either missed or incorrectly received. In Figure 3b, the eNB transmits 3 PDSCH but the UE correctly receives the first and the last PDSCH while it misses the second PDSCH. The UE reports that the first PDSCH was correctly received (1 ACK) and then the eNB can additionally know that the second PDSCH was either missed or incorrectly received. In Figure 3c, the eNB transmits 4 PDSCH but the UE receives only the first 2 PDSCH correctly and misses the last PDSCH. The UE reports that the first 2 PDSCH were correctly received (2 ACKs) and then the eNB can additionally know that the third PDSCH was either missed or incorrectly received. It can be easily verified that although DTX happens in Figures 2b and 2c, there is still no confusion between eNB and the UE about the HARQ-ACK feedback information. 
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Figure 3: Feedback for the number of ACK
Keeping the 2-bit HARQ-ACK feedback per cell the total number of bits for 2 cells can be limited to 4 as for FDD. The previously described HARQ-ACK feedback method can be directly used for M=3, as shown in Table 1. 
Table 1: Four States Generated for M=3

	
	Feedback information

	State 0
	Response for all 3 PDSCH is ACK

	State 1
	Responses for the first 2 PDSCH are ACK  

Response for third PDSCH is NACK/DTX

	State 2
	Response for first PDSCH is ACK 

Response for second PDSCH is NACK/DTX

	State 3
	Response for first PDSCH is NACK/DTX


For M=4, the possible number of contiguous ACKs from the first PDSCH can be 0, 1, 2, 3, 4. To have a payload of 2 bits, one state can be shared by 1 ACK and 4 ACKs, as shown in Table 2. It is up to the eNB implementation how to interpret this shared state if there is any possibility for confusion (i.e. only if 4 PDSCH were transmitted to the UE). It is noted that such repetition mapping method is already used in Rel-8 (Table 7.3-1 in [2]). 
Table 2: Four States Generated for M=4

	
	Feedback information

	State 0
	Responses for first 3 PDSCH are ACK 
Response for fourth PDSCH is NACK/DTX

	State 1
	Responses for first 2 PDSCH are ACK
Response for third PDSCH is NACK/DTX

	State 2
	Responses for all 4 PDSCH are ACKs, or 

response for first PDSCH is ACK
Response for second PDSCH is NACK/DTX

	State 3
	Response for first PDSCH is NACK/DTX


For M=2, the number of contiguous ACKs from the first actual PDSCH can be 0, 1, or 2. Therefore, there is the capability to add additional states such as one to distinguish (NACK, ACK) from 0 ACK. Table 3 can be used for M=2.
Table 3: Four States Generated for M=2

	
	Feedback information

	State 0
	Responses for all 2 PDSCH are ACK

	State 1
	Response for 2 PDSCH transmissions is (NACK, ACK)

	State 2
	Response for first PDSCH is ACK
Response for second PDSCH is NACK/DTX

	State 3
	Except state 1, response for first PDSCH is NACK/DTX


The above bundled ACK/NACK state generation focused on the reduction of HARQ-ACK bits for one cell, which could be simply reused in each cell in case of CA. Denoting the number of configured cells by N, the final HARQ-ACK payload size is 
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 bits. 
3 Utilization of partial bundling

Partial bundling is needed to enable a UE with low-to-average PUCCH geometry to support DL CA. This is discussed from 2 aspects; the required SINR for HARQ-ACK transmission with PUCCH format 3 and HARQ-ACK multiplexing in the PUSCH. 
For PUCCH format 3, for many typical scenarios, the required SNR to support 20-bit ACK/NACK transmission is too high and only a small percentage of UEs with could meet the respective reliability requirements [4]. This may significantly restrict CA deployments. For example, to enable transmission of 20 HARQ-ACK bits by PUCCH format 3, inter-cell PRB coordination, i.e. allocating a UL PRB dedicated to a CA UE in cell and meanwhile excluding its use in neighbour cells, has to be used, which requires eNB co-ordination and increased PUCCH overhead. With partial bundling, the payload size can be reduced to 10 bits, as for FDD, and the required geometry to meet the HARQ-ACK reliability requirements is reduced by 4 dB thereby being able to support CA for a much larger percentage of UEs. 
For HARQ-ACK transmission in PUSCH, as discussed in [5], the number of REs required to meet the HARQ-ACK reliability could be very large (e.g. for HARQ-ACK payload of >10 bits), so that even all the 4 DFT-S-OFDM symbols next to the DMRS may not be enough for the required HARQ-ACK resources. Then, HARQ-ACK reliability cannot be met and overall system operation is degraded. By partial bundling and a maximum HARQ-ACK payload of 10 bits, the method defined for FDD can be directly reused and additional TDD-specific standardization can be avoided. 
4 Simulation results

In this section, the 2 partial bundling schemes, i.e. time-domain bundling and cell-domain bundling, are compared by link level simulation. It is assumed that 4 cells are configured to the UE, and TDD UL/DL configuration 2 (i.e. 4DL:1UL) is adopted for each cell. No spatial-domain bundling is used. The detailed simulation assumptions are provided in the Annex. 

For both bundling schemes, 8 bundled HARQ-ACK bits are generated for fair comparison. More specifically, for cell-domain bundling, 2 HARQ-ACK bits are generated for each sub-frame by logical AND operation per CW; while for time-domain bundling, 2 HARQ-ACK bits are generated for each CC by logical AND operation per CW. The per CW time-domain bundling as in Rel-8 is simulated for easy comparison. It should be noted that the proposed time-domain bundling method in section 2 will provide larger throughput since more information about correctly received PDSCH transmissions are reported so that the useless retransmissions are reduced [6]. 
The simulation results are provided in Figure 4. It is observed that time-domain bundling always outperforms cell-domain bundling and the gain ranges from 1 dB to several dBs. This result is in-line with the intuitive understanding of this issue, i.e. for cells without significantly correlated channel or interference conditions, cell-domain bundling will degrade the throughput performance. 
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Figure 4: Throughput comparison between time-domain and cell-domain bundling.
5 Conclusions 
This contribution considers the motivations for partial bundling in TDD. Due to PUCCH geometry limitations and PUSCH multiplexing capacity limitations, it is desirable to support an intermediate payload which can be the same as the one for FDD, i.e. 10 HARQ-ACK bits. Time-domain bundling is preferable to cell-domain bundling and the problem with missing the last PDCCH can be avoided.

Proposal: Support partial HARQ-ACK bundling in TDD to achieve a payload of 10 bits through time-domain bundling. 
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Annex 
Simulation Assumptions

	TDD configuration 
	UL/DL Configuration 2 (i.e. 4DL:1UL)

	CC configuration 
	4*10MHz

	CC correlation
	Independent CCs

	Channel Model
	EPA, Doppler shift: 5 Hz, zero antenna correlation

	Initial BLER target
	10%

	PDCCH Symbols
	2

	Transmission scheme 
	2x2 MIMO, Rank-2, Two Codewords

	ACK/NACK spatial bundling 
	OFF

	ACK/NACK feedback error model
	Ideal feedback

	Channel Estimation
	MMSE
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