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1 Introduction
In RAN #78 meeting, revised WID RP-172811 on Even further enhanced MTC for LTE was agreed [1]. One of the objectives is to reduce power consumption.

Improved power consumption:

· Power consumption reduction for physical channels [RAN1 lead, RAN2, RAN4]
· Study and, if found beneficial for connected mode, specify physical signal/channel/DCI for HARQ-ACK feedback in DL for data transmission in UL. 
In RAN1 #90bis and #91 meetings, the following agreements were achieved for UL HARQ-ACK feedback [2] [3].

· Early termination of PUSCH transmission is supported at least in FD-FDD and TDD by the following:

· MPDCCH for UL grant for scheduling new UL data

· MPDCCH for explicit HARQ-ACK feedback

· For explicit HARQ-ACK feedback for early termination of MPDCCH monitoring:

· Explicit HARQ-ACK feedback for a single UE is carried in a DCI with the same DCI size as DCI format 6-0A/B. The DCI is carried on MPDCCH in UE-specific search space.

· For explicit HARQ-ACK feedback for early termination of PUSCH transmission:

· Explicit HARQ-ACK feedback for a single UE is carried in a DCI with the same DCI size as DCI format 6-0A/B. The DCI is carried on MPDCCH in UE-specific search space.

· FFS: Explicit HARQ-ACK feedback for multiple UEs is carried in a DCI

· For the explicit HARQ-ACK feedback signaling,

· For CE mode A, unused state(s) in the “resource assignment” field in DCI format 6-0A is used to indicate explicit HARQ-ACK feedback for a single UE.

· FFS: If other fields are set to predetermined values

· For CE mode B, unused state(s) in the “MCS” field in DCI format 6-0B is used to indicate explicit HARQ-ACK feedback for a single UE.

· FFS: If other fields are set to predetermined values

Working assumption: 
· One unused DCI state in each CE mode is used for indicating:

· Early termination of MPDCCH monitoring and early termination of any ongoing PUSCH transmission

· Another unused DCI state in each CE mode is used for indicating:

· Early termination of any ongoing PUSCH transmission (without early termination of MPDCCH monitoring)

· It can be left up to RAN2 whether the new feedback signaling should also be used for termination of MPDCCH monitoring not related to UL HARQ (re)transmissions (e.g. MPDCCH monitoring related to DL transmissions).

In this contribution, we discuss remaining issues of MPDCCH-based explicit HARQ-ACK feedback for MTC.

2 Remaining issues on UL HARQ-ACK feedback

2.1 Capability and configuration of UL HARQ-ACK feedback

Through explicit HARQ-ACK feedback or UL grant for scheduling new UL data (i.e. “implicit HARQ-ACK feedback”), early termination of PUSCH transmission can be achieved when eNB has successfully decoded PUSCH before end of configured number of PUSCH repetitions. In this case, the UE’s power consumption and resource wasting caused by the unnecessary PUSCH transmission can be avoided. 

Due to the above benefit, the following options can be considered: 

· Option-1: Early termination of PUSCH transmission through UL HARQ-ACK feedback is a mandatory UE capability for BL/CE UEs without UE capability signaling.

· Option-2: Early termination of PUSCH transmission through UL HARQ-ACK feedback is bundled with the UE capability of “early data transmission (EDT)”. 

In this case, for a BL/CE UE with EDT UE capability, early termination of PUSCH transmission is a mandatory UE capability without UE capability signaling; for a BL/CE UE without EDT UE capability, early termination of PUSCH transmission is an optional UE capability which is configured by RRC signaling.

For Option-1, it may put a high restriction on UE implementation. For Option-2, it would not be a problem for a BL/CE UE with EDT capability to support early PUSCH termination as well. In addition, configuration overhead can be saved.
Proposal 1: For a BL/CE UE with EDT capability, early PUSCH termination is a mandatory UE capability; for a BL/CE UE without EDT capability, early termination of PUSCH transmission is an optional UE capability.

2.2 Explicit HARQ-ACK feedback for multiple UEs

For early termination of PUSCH transmission, explicit HARQ-ACK feedback for a single UE was agreed. There is no consensus on explicit HARQ-ACK feedback for multiple UEs. Explicit HARQ-ACK feedback for multiple UEs is beneficial for overhead reduction, but the benefit of overhead reduction is conditional, i.e., time alignment of different PUSCH transmissions from multiple UEs should be ensured. In Rel-13/14 (f)eMTC system, USS and CSS share the same PRB sets. To realize explicit HARQ-ACK feedback for multiple UEs, these UEs should share the same search space. In this case, it is hard to achieve the benefit of explicit HARQ-ACK feedback to multiple UEs since PUSCH repetitions for different UEs cannot be aligned due to mutual blocking of UL grants scheduling PUSCH repetitions for different UEs, especially for CE mode B. Furthermore, explicit HARQ-ACK feedback for multiple UEs increases additional processing complexity, and the performance of explicit HARQ-ACK feedback for multiple UEs is poorer than that for a single UE (only carrying 1 bit).

Proposal 2: Explicit HARQ-ACK feedback for multiple UEs is not supported. 

2.3 Search space for reception of HARQ-ACK feedback

For reception of HARQ-ACK feedback for early termination of PUSCH transmission, the simplest way is reusing existing search space. The interval of existing search space is semi-static configured by higher layer, which cannot be matched with dynamic PUSCH scheduling with different repetitions. In this case, there may be no search space available for transmitting HARQ-ACK feedback during transmission of PUSCH repetitions, thus early PUSCH termination cannot be applied. For example, as shown in Figure 1, search space internal is 320 subframes and the number of PUSCH repetitions is 256. There is no search space available during transmission of 256 PUSCH repetitions. 
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Figure 1 Example of no search space available for transmitting HARQ-ACK feedback
Observation 1: When there is no search space available for transmitting HARQ-ACK feedback during transmission of PUSCH repetitions, early PUSCH termination cannot be applied.

The interval of search space is determined by G. When large G is configured, the corresponding interval of search space would also be relatively large. In this case, the possibility of no available search space issue may be high. 
To resolve the above issue, the following two options can be considered:
Option-1: The search space with small interval is configured to provide more opportunities for HARQ-ACK feedback.
Option-2: When there is no search space available for transmitting HARQ-ACK feedback during transmission of PUSCH repetitions and the assigned number of PUSCH repetitions N is larger than threshold value X, a single new search space for HARQ-ACK feedback can be introduced if early termination of PUSCH transmission feature is enabled by higher layer. In this case, the UE will blindly detect HARQ-ACK feedback in the new search space. Here, the time domain location of single new search space can be predefined. As shown in Figure 2, this search space is located in the (N/2+1)th PUSCH repetitions.  The Rmax, PRB sets and MPDCCH candidates of new search space is the same as those of existing search space.
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Figure 2 Example of new search space for reception of HARQ-ACK feedback
For Option-1, in order to accommodate majority of PUSCH repetition numbers, the interval of search space needs to be configured to be small enough. In this case, significant power consumption of the UE would be caused due to frequently monitoring of search space. For Option-2, very small power consumption is caused, because there is only one new search space to be monitored during transmission of PUSCH repetitions.
Proposal 3: During transmission of PUSCH repetitions, when there is no search space available for transmitting HARQ-ACK feedback and the assigned number of PUSCH repetitions N is larger than threshold value X, at least one new search space for HARQ-ACK feedback monitoring is introduced.

2.4 Remaining issues on UE-specific explicit HARQ-ACK feedbacks

For CE mode A, unused state(s) in the “resource assignment” field in DCI format 6-0A is used to indicate explicit HARQ-ACK feedback for a single UE.  The first unused state in the “resource assignment” field is used to indicate early termination of MPDCCH monitoring and early termination of any ongoing PUSCH transmission while the second unused state is used to indicate early termination of any ongoing PUSCH transmission. For example, assuming 10 MHz system BW and maximum 1.4M Hz UE BW, the first unused state in the “resource assignment” field is “00010101”, and the second unused state is “00010110”. In addition, in order to improve reliability of HARQ-ACK feedback, other fields can be set to predetermined values, e.g., all the bits equal to ‘1’, which are used as virtual CRC.

Similarly, for CE mode B, unused state(s) in the “MCS” field in DCI format 6-0B is used to indicate explicit HARQ-ACK feedback for a single UE. The first unused state “1011” in the “MCS” filed is used to indicate early termination of MPDCCH monitoring and early termination of any ongoing PUSCH transmission. The second unused state “1100” in the “MCS” field can be used to indicate early termination of any ongoing PUSCH transmission. In addition, in order to improve reliability of HARQ-ACK feedback, other fields can be set to predetermined values, e.g., all the bits equal to ‘1’, used as virtual CRC.
Proposal 4: When DCI format 6-0A is used to indicate explicit HARQ-ACK feedback for a single UE, remaining fields except “resource assignment” field are set to pre-determined values. 

Proposal 5: When DCI format 6-0B is used to indicate explicit HARQ-ACK feedback for a single UE, remaining fields except “MCS” field are set to pre-determined values. 
2.5 Early Msg3 termination during random access procedure

During random access procedure in legacy MTC system, Msg4 only can be scheduled after the end of Msg3 repetitions and the UE only monitors MPDCCH for Msg4 scheduling after the end of Msg3 repetitions in enhanced coverage mode. In this case, even if the eNB successfully decodes Msg3 before the end of Msg3 repetitions, the UE cannot early terminate the Msg3 repetitions. It may cause the unnecessary UL resource waste and UE’s power consumption. In addition, it is not beneficial to reduce the blocking between different Msg3 transmissions. To support early termination of Msg3 repetitions, an effective way is to allow UE to monitor MPDCCH for Msg4 scheduling during Msg3 transmission. Additional 1 bit is needed in Msg3 to indicate whether the UE can support early termination of PUSCH transmission. Or “early termination of Msg3 repetitions” capability is bundled to “early data transmission” one.

Observation 2: Monitoring MPDCCH for Msg4 scheduling during transmission of Msg3 repetitions is beneficial to reduce power consumption, resource waste and blocking between different Msg3 transmissions.

Proposal 6: Early termination of Msg3 repetitions should be supported. 

· MPDCCH for Msg4 scheduling is monitored by the UE during Msg3 transmission.
2.6 Consideration on HD-FDD

For HD-FDD, in order to avoid unnecessary power consumption and resource consumption caused by unnecessary PUSCH transmission, early PUSCH termination should also be supported.  In order to achieve early PUSCH termination for HD-FDD, reception of HARQ-ACK feedback has to be done during UL gap. For UL gap for reception of HARQ-ACK feedback, reusing existing UL gap or defining new UL gap can be considered. For the former, existing UL gap would be used for DL time/frequency synchronization and reception of HARQ-ACK feedback at the same time. In this case, higher UE processing capability may be required, e.g., an acceptable performance of DL time/frequency synchronization should be achieved before receiving HARQ-ACK feedback. For the latter, the performance of time/frequency synchronization would not be affected by reception of HARQ-ACK feedback. As an example, the new UL gap for reception of HARQ-ACK feedback can be pre-configured to be close to existing UL gap. In this case, the performance of reception of HARQ-ACK feedback may be improved due to calibration of DL time/frequency synchronization. 
Proposal 7: For HD-FDD, early termination of PUSCH transmission can be supported. 

3 Conclusions

In this contribution, we have discussed remaining issues of explicit HARQ-ACK feedback for MTC. We make the following observations and proposals: 

Observation 1: When there is no search space available for transmitting HARQ-ACK feedback during transmission of PUSCH repetitions, early PUSCH termination cannot be applied.

Observation 2: Monitoring MPDCCH for Msg4 scheduling during transmission of Msg3 repetitions is beneficial to reduce power consumption, resource waste and blocking between different Msg3 transmissions.

Proposal 1: For a BL/CE UE with EDT capability, early PUSCH termination is a mandatory UE capability; for a BL/CE UE without EDT capability, early termination of PUSCH transmission is an optional UE capability.

Proposal 2: Explicit HARQ-ACK feedback for multiple UEs is not supported. 

Proposal 3: During transmission of PUSCH repetitions, when there is no search space available for transmitting HARQ-ACK feedback and the assigned number of PUSCH repetitions N is larger than threshold value X, at least one new search space for HARQ-ACK feedback monitoring is introduced.

Proposal 4: When DCI format 6-0A is used to indicate explicit HARQ-ACK feedback for a single UE, remaining fields except “resource assignment” field are set to pre-determined values. 

Proposal 5: When DCI format 6-0B is used to indicate explicit HARQ-ACK feedback for a single UE, remaining fields except “MCS” field are set to pre-determined values. 

Proposal 6: Early termination of Msg3 repetitions should be supported. 

· MPDCCH for Msg4 scheduling is monitored by the UE during Msg3 transmission.
Proposal 7: For HD-FDD, early termination of PUSCH transmission can be supported. 
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