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1 Introduction
This contribution considers the  Downlink Assignment Index (DAI) design for TDD systems and analyzes its impact on UL HARQ-ACK transmission in Rel.10. 
2 DAI in LTE TDD

In Rel.8 TDD, there are two types of DAI. One is the DAI in DL grants which is used to find missing PDCCHs and the other is the DAI in UL grants which is only useful when HARQ-ACK is to be multiplexed in the PUSCH. The focus here is on the DAI design in DL grants 
For Rel.8 TDD UL-DL configurations with more DL than UL sub-frames, the HARQ-ACK for the respective PDSCHs has to be transmitted in one UL sub-frame. The set of such multiple DL sub-frames is called “bundling window”. To maximize the uplink coverage, Rel.8 TDD supports HARQ-ACK bundling where 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. Since PDCCH reception may be missed with probability around 1E-2 [2], such errors will result in wrong HARQ-ACK feedback. So in Rel.8 TDD, the DAI mechanism is designed for improving the above case which is defined in [1] as

“For TDD UL-DL configurations 1-6, the value of the DAI in DCI format 1/1A/1B/1D/2/2A denotes the accumulative number of PDCCH(s) with assigned PDSCH transmission(s) and PDCCH indicating downlink SPS release up to the present subframe within subframe(s) 
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, where , and shall be updated from subframe to subframe. ” 

Based on above definition, the DAI in LTE TDD is a pure counter and altered in a sequence of 1, 2, 3 and 4. The DAI enables a UE to find any missing PDCCH(s) except for the last PDCCH(s). For example, if the UE misses the second PDCCH and only receives 2 PDCCHs with DAI of 1 and 3, the UE can recognize that the second PDCCH was missed. However, if the UE only receives 2 PDCCH with DAI equal to 1 and 2, the UE can never know whether or not a PDCCH with DAI equal to 3 was transmitted by the eNB.
3 Discussion on DAI in LTE-A TDD

In Rel.10 TDD, a UE needs to send HARQ-ACK for PDSCH from multiple CCs and multiple DL sub-frames in the same UL sub-frame. Correspondingly, the DAI concept of Rel.8 TDD could be extended to Rel.10 TDD. Based on the HARQ-ACK transmission schemes used, different DAI designs are needed. Specifically, to support full HARQ-ACK bundling and to support multi-bit HARQ-ACK transmission, 2 respective DAI designs are subsequently discussed, and both are simple extensions of the Rel.8 DAI. 
3.1  Full ACK/NACK bundling
Full HARQ-ACK bundling may be needed for HARQ-ACK transmission from coverage limited UEs. Then, all individual HARQ-ACK bits are combined into 1 or 2 HARQ-ACK bits. This is similar to the HARQ-ACK bundling mode in Rel.8 TDD and therefore, the DAI for full HARQ-ACK bundling can be defined in a similar way as in Rel.8 TDD. 
More specifically, a single pure counter DAI sequence can be configured across all CCs and all sub-frames. As shown in Figure 1, the PDSCH transmissions in all configured CCs in one sub-frame are counted first and then continue to the next sub-frame. This DAI design for full bundling is also proposed in [3, 4]. The single long DAI sequence has the same merit/demerit as the DAI in Rel.8 TDD, i.e. it can find any missed PDCCH except the PDCCH(s) in the end of the DAI sequence. Consequently, as in Rel.8 TDD, one HARQ-ACK channel linked to the last detected PDCCH according to the single DAI sequence is enough for overcoming the failure case of this extended pure counter DAI.
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Figure 1: Single sequence for DAI in multiple CCs
One drawback of this DAI design is the larger bit overhead required for unique labelling of PDCCHs, e.g. if there are 5 CCs and each CC has 4 sub-frames in its bundling window, the maximum value in this single DAI sequence is 5x4=20 which means 5 bits are required for the DAI. However, such overhead can be reduced by a modulo operation on the value of DAI, for example, modulo 4 for 2-bit DAI. Actually, such method is already adopted for the DAI in Rel.8 TDD UL-DL configuration 5 where the DL/UL ratio is 9:1. One remaining issue is that the modulo operation incurs uncertainty of the exact PDSCH transmission, i.e. a UE cannot distinguish the cases of missing 4 continuous dynamic PDCCHs and corresponding PDSCHs. However, if the channel and interference conditions are not highly correlated, this event happens with low enough probability that it can be neglected. Otherwise, a 3-bit DAI may be introduced with a modulo 8 interpretation. 
3.2  ACK/NACK partial bundling
In an extreme case of carrier aggregation for Rel.10 TDD, e.g. 5 configured CCs and bundling window size of 4, up to 40 HARQ-ACK/ bits need to be fed back. Then, HARQ-ACK payload reduction is needed in practice especially for UEs not in good UL channel condition. Spatial bundling is an efficient method to reduce the HARQ-ACK payload, but it can only compress the HARQ-ACK payload to 20 bits. If a payload similar to Rel.10 FDD is desired, i.e. around 10 or 13 bits, some partial bundling methods must be used. 
Basically, 2 kinds of partial bundling can be considered; time domain bundling and CC domain bundling. CC domain bundling is not preferred since, in general, the correlation between the outcomes of PDSCH transmissions is low and CC-domain bundling will then result in large performance loss. Hence, time domain bundling should be prioritized for HARQ-ACK payload reduction.
With time domain bundling, the reduction of HARQ-ACK payload for each CC is done separately. Correspondingly, the DAI can be transmitted separately for each CC. As shown in Figure 2, the DAI defined in Rel.8 TDD can be completely reused in each CC independently. This avoids any new effort for a DAI design to support multiple HARQ-ACK bits but the error case of Rel-8 DAI design happens as well. To solve this error case, i.e. UE missing the last PDSCH(s) in the bundling window of a CC, in the time domain bundling method, in addition to the bundled HARQ-ACK bit, the UE should inform the eNB of the number of received PDCCH/PDSCH.  Such a time domain bundling method is discussed in detail in [5]. 
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Figure 2: Reuse DAI in LTE TDD in multiple CCs.
4 Conclusion 
This contribution considered the DAI design for full HARQ-ACK bundling and partial HARQ-ACK bundling.  
To support full HARQ-ACK bundling, a single pure counter DAI across all CCs and all sub-frames is proposed. 
To support partial HARQ-ACK bundling, it is proposed to reuse the Rel.8 DAI in each CC and then perform time domain bundling. 
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