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1 Introduction

In this contribution, we share our views on the details of timing relationships for NB-IoT physical channels including time gaps between different physical channels, TDM-based multiplexing of DL control and shared channels, and scheduling considerations due to single HARQ process and HD-FDD support.

2 Time-domain resource mapping for NB-PDCCH and NB-PDSCH
As was discussed during the RAN1 unofficial conference calls and agreed as a working assumption, in subframes with NB-PDSCH, all the NB-PDSCH is mapped to all available REs (other than LTE legacy control region and LTE CRS for in-band mode, and NB-RS REs). Thus, scheduling of NB-PDSCH via NB-PDCCH is based on cross-subframe scheduling, and further an NB-PDCCH and even an unassociated NB-PDSCH may not be multiplexed within the same subframe.
Given the above, it is clear that the multiplexing between NB-PDCCH and NB-PDSCH, and between NB-PDSCH of different UEs would need to be based on TDM. Further, NB-PDCCH is transmitted using one or two Narrowband Control Channel Elements (NB-CCEs) in a subframe that are repeated in subsequent subframes to provide required coverage. For UEs in good coverage, the NB-PDCCH transmissions of up to two such UEs may be multiplexed via FDM within a subframe. Hence, a fixed timing relationship between NB-PDCCH and NB-PDSCH may not be feasible.

Accordingly, in order to provide scheduling flexibility and avoid blocking of other transmissions by UEs requiring large number of repetitions, the time gap between the NB-PDCCH and the associated NB-PDSCH may need to be flexible. 
Also, while it should be possible to transmit NB-PDCCH and NB-PDSCH repetitions or NB-PDSCH TTIs spanning multiple subframes using consecutive valid DL subframes without incurring significant blocking issues, at least for transmissions with medium-large number of repetitions, discontinuous mapping of time-domain resources at the subframe level may be essential for both NB-PDCCH and NB-PDSCH transmissions.

2.1 Flexible time-domain resource allocation
Flexible time gap between control and data can be realized either by configuring the gap k_PDSCH via UE-specific higher layer signaling. Accordingly, for NB-PDSCH scheduling with flexible time gap from the last subframe of the corresponding NB-PDCCH, the eNodeB can configure the value of k_PDSCH such that the first subframe of the scheduled NB-PDSCH is the first UE-specific available subframe after a gap of k_PDSCH-1 subframes from the last subframe of the scheduling NB-PDCCH. The description of UE-specific available subframe is presented in the following sub-section.
If additional flexibility is necessary, the value of k_PDSCH may also be indicated via the DCI, i.e., 1 or 2 bits respectively in the DCI can be used to indicate the k_PDSCH value from a set of 2 or 4 values that may be configured via higher layers.
One important aspect regarding the range of k_PDSCH is the lower-bound, since the time gaps essentially dictate the time-budget available at the UEs for decoding of the control channel and influences UE implementation [1]. For Rel-13 eMTC, the time gap between EPDCCH (M-PDCCH) and the scheduled PDSCH is given by at least 1 subframe (i.e., the first subframe of the scheduled PDSCH occurs in the 2nd valid subframe after the end of the scheduling EPDCCH (M-PDCCH). 

In this regard, considering the significance of complexity reduction for NB-IoT UEs, it is proposed to increase the minimum value of k_PDSCH to 4, such that at least 3ms time gap is available between the control and the data.

Proposal 1:

· Support flexible time gap between the last subframe of the scheduling NB-PDCCH and the first subframe of the scheduled NB-PDSCH.
· eNB configures via higher layers or signals by Layer 1 signaling the value k_PDSCH such that the first subframe of the scheduled NB-PDSCH is the first UE-specific available subframe after a gap of k_PDSCH-1 subframes from the last subframe of the scheduling NB-PDCCH.

· The minimum value of k_PDSCH is 4.
2.2 Discontinuous-in-time mapping of subframes for NB-PDCCH and NB-PDSCH 

As mentioned above, to provide sufficient scheduling flexibility and avoid blocking of NB-PDCCH or NB-PDSCH transmissions to other UEs by NB-PDCCH or NB-PDSCH transmissions to UEs that require large number of repetitions/subframes, discontinuous mapping of time-domain resources at the subframe level may be essential for both NB-PDCCH and NB-PDSCH transmissions. 
In order to realize discontinuous resource allocation in time-domain, UE-specific bitmap-based configuration of UE-specific available subframes for NB-PDCCH and NB-PDSCH can be utilized. Further, a UE may be configured with either a common bitmap for both unicast DL channels (control and data) or separate bitmaps for control and data for better multiplexing flexibility considering different number of repetitions for NB-PDCCH and NB-PDSCH but potentially at the cost of increased RRC signaling overhead.
An alternative approach based on a scheduling window concept has also been proposed, wherein a certain time window is defined that always comprises of a first set of subframes that may carry NB-PDCCH and a second set of subframes carrying NB-PDSCH, and this pattern is repeated. Compared to this, the bitmap-based mechanism provides additional scheduling flexibility and allows decoupling of sets of subframes used for control and data transmission. It also allows flexibility in terms of time domain multiplexing of different UEs via UE-specific configuration of the bitmap(s) of available DL subframes for each UE for NB-PDCCH and/or NB-PDSCH. 

Further, the bitmap-based approach can be used to realize the same result as a scheduling window based approach by configuring the UE-specific available subframes for NB-PDCCH and NB-PDSCH appropriately.

Considering that a cell-specific configuration of valid DL (and UL) subframes may be provided by the eNodeB (similar to Rel-13 eMTC valid subframes), the UE-specific bitmap may either reference to the absolute radio frame and/or subframe indices, or, the UE-specific bitmap may map to the cell-specific valid subframe bitmap. Thus, for the second option, a UE would determine the available DL subframes for NB-PDCCH and/or NB-PDSCH by applying the UE-specific bitmap to the subframes indicated as valid DL subframes via the cell-specific bitmap.
For the case wherein the bitmap refers to absolute subframes, the UE-specific available DL subframe bitmap can be aligned with a fixed number of subframes, e.g., the radio frame boundary or every 20ms boundary (similar to MBSFNconfig bitmap). On the other hand, if the bitmap references to cell-specific valid subframes, the first bit in the bitmap maps to the first cell-specific valid subframe of the cell-specific valid subframe bitmap and wrap-around is applied once the last cell-specific valid subframe of the cell-specific valid subframe bitmap is reached, until the end of the UE-specific bitmap.
Proposal 2:
· To address user blocking and provide scheduling flexibility, UE-specific bitmap-based configuration of UE-specific available subframes for NB-PDCCH and NB-PDSCH is used to realize discontinuous-in-time resource mapping for NB-PDCCH and NB-PDSCH.

3 Timing relationship between NB-PDCCH and NB-PUSCH

For the timing relationship between NB-PDCCH and NB-PUSCH, following similar considerations of UE complexity, sufficient time-gap should be dimensioned. In order to provide sufficient time for the UE to decode the NB-PDCCH, prepare the NB-PUSCH transport block, perform DL to UL retuning, and have sufficient amount of time remaining to accommodate the timing advance, the time-gap should at least be 3ms, but preferably 7ms, i.e., k_PUSCH = 8 DL subframes.
One challenge with a fixed timing relationship between NB-PDCCH and NB-PUSCH is handling of NB-PUSCH transmissions with 3.75 kHz subcarrier spacing. It is possible that the 3.75 kHz NB-slot (spanning 2ms) does not start at the ‘k_PUSCH’-th subframe (counting from a 15 kHz DL perspective) after the last subframe of the NB-PDCCH transmission. However, this may be handled by specifying that the UE would transmit at the immediate next available NB-slot after the gap of length k_PUSCH-1 DL subframes. 

Proposal 3:

· In order to provide sufficient time for the UE to: decode the NB-PDCCH, prepare the NB-PUSCH transport block, perform DL to UL retuning, and have sufficient amount of time remaining to accommodate the timing advance, the time-gap should at least be 3ms, but preferably 7ms, i.e., k_PUSCH = 8 DL subframes.
4 Timing relationship between NB-PDSCH and HARQ-ACK feedback

The timing relationship between NB-PDSCH and HARQ-ACK feedback on the UL depends on the exact design and resource derivation/indication mechanism for transmitting the HARQ-ACK report. In general, they can be:
· Explicitly indicated via DCI.
· Implicitly determined via the NB-PDCCH/NB-PDSCH resources (starting/ending subframes).
· The opportunities for transmission or DL HARQ-ACK are limited to certain subframes via higher layers (similar idea as for legacy SR resource configuration) and the exact time resources to transmit the DL HARQ report is determined explicitly or implicitly.

Further details on time-domain resource assignment for DL HARQ-ACK report transmission is discussed in our companion paper [2].

However, as also indicated in [2], it is important to carefully design the minimum time-gap between the end of the NB-PDSCH transmission and when the UE is expected to start transmitting the HARQ-ACK feedback and allow sufficient time for the UE to decode the NB-PDSCH, prepare the HARQ-ACK feedback, retune, apply TA, and transmit. Similar to the proposal in [1], in our view, to enable reduced complexity UE implementation with reduced requirements on parallel processing and to enable SW implementation, the time gap between NB-PDSCH and HARQ-ACK feedback should be at least quadrupled compared to that in LTE (i.e., at least subframe #(n+16) when  #n marks the last subframe of the corresponding NB-PDSCH).
Proposal 4:

· The minimum time between NB-PDSCH and the DL HARQ-ACK transmission is increased by 4 times compared to that specified in LTE, i.e., from n+4 to at least n+16, where ‘n’ is the last subframe carrying the NB-PDSCH.

5 Timing relationship between NB-PUSCH and UL HARQ-ACK (via NB-PDCCH)

Due to single HARQ process and asynchronous and adaptive HARQ retransmissions, precise timing relationship need not be defined. It is sufficient to define that the NB-PDCCH carrying UL HARQ feedback is not transmitted using a starting subframe before DL subframe # (n+4) if DL subframe #n corresponds to the last subframe/NB-slot of the NB-PUSCH transmission.

Proposal 5:

· NB-PDCCH carrying UL HARQ feedback is transmitted using a starting subframe that is no sooner than DL subframe #(n+4) if DL subframe #n corresponds to the last subframe/NB-slot of the NB-PUSCH transmission.
6 Scheduling considerations due to single HARQ process and HD-FDD

The following simple scheduling considerations are proposed in view of single HARQ process for both DL and UL as well as HD-FDD duplex nature for NB-IoT UEs:

· A UE does not expect to be scheduled for new TB on NB-PDSCH or NB-PUSCH until the current transmission/reception (respectively) of the NB-PDSCH or NB-PUSCH TB is completed.
· UE is not expected to monitor for NB-PDCCH until after a 1 subframe gap following the last transmission of the NB-PUSCH (carrying ULSCH or UCI).

· Considering single DL HARQ process, for simplified UE behavior and system operation, UE is not expected to monitor for NB-PDCCH in DL subframes that fall within the first and last subframe assigned for NB-PDSCH reception

· Even if gaps are defined in time domain within the NB-PDSCH transmission (i.e., time-discontinuous NB-PDSCH resource assignment) for UEs in extreme coverage, the UE is not expected to monitor for NB-PDCCH during these gaps within an NB-PDSCH burst.
7 Conclusions

In this contribution, we presented our views on the details of timing relationships for NB-IoT physical channels including time gaps between different physical channels, TDM-based multiplexing of DL control and shared channels, and scheduling considerations due to single HARQ process and HD-FDD support. Our views are summarized via the following proposals:

Proposal 1:

· Support flexible time gap between the last subframe of the scheduling NB-PDCCH and the first subframe of the scheduled NB-PDSCH.
· eNB configures via higher layers or signals by Layer 1 signaling the value k_PDSCH such that the first subframe of the scheduled NB-PDSCH is the first UE-specific available subframe after a gap of k_PDSCH-1 subframes from the last subframe of the scheduling NB-PDCCH.

· The minimum value of k_PDSCH is 4.
Proposal 2:

· To address user blocking and provide scheduling flexibility, UE-specific bitmap-based configuration of UE-specific available subframes for NB-PDCCH and NB-PDSCH is used to realize discontinuous-in-time resource mapping for NB-PDCCH and NB-PDSCH.

Proposal 3:

· In order to provide sufficient time for the UE to: decode the NB-PDCCH, prepare the NB-PUSCH transport block, perform DL to UL retuning, and have sufficient amount of time remaining to accommodate the timing advance, the time-gap should at least be 3ms, but preferably 7ms, i.e., k_PUSCH = 8 DL subframes.
Proposal 4:

· The minimum time between NB-PDSCH and the DL HARQ-ACK transmission is increased by 4 times compared to that specified in LTE, i.e., from n+4 to at least n+16, where ‘n’ is the last subframe carrying the NB-PDSCH.

Proposal 5:

· NB-PDCCH carrying UL HARQ feedback is transmitted using a starting subframe that is no sooner than DL subframe #(n+4) if DL subframe #n corresponds to the last subframe/NB-slot of the NB-PUSCH transmission.
Proposal 6:
· A UE does not expect to be scheduled for new TB on NB-PDSCH or NB-PUSCH until the current transmission/reception (respectively) of the NB-PDSCH or NB-PUSCH TB is completed.

· UE is not expected to monitor for NB-PDCCH until after a 1 subframe gap following the last transmission of the NB-PUSCH (carrying ULSCH or UCI).

· Considering single DL HARQ process, for simplified UE behavior and system operation, UE is not expected to monitor for NB-PDCCH in DL subframes that fall within the first and last subframe assigned for NB-PDSCH reception

· Even if gaps are defined in time domain within the NB-PDSCH transmission (i.e., time-discontinuous NB-PDSCH resource assignment) for UEs in extreme coverage, the UE is not expected to monitor for NB-PDCCH during these gaps within an NB-PDSCH burst.
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