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Introduction
In this contribution, we discuss DL and UL timing relationships for NB-IoT and make some proposals.
2

Timing Relationships
In a companion contribution, we discuss the number of HARQ processes for NB-IoT [1]. According to the objective in the latest WID, an NB-IoT UE needs to support only half-duplex operations [2]. Therefore, only HD-FDD timing is considered here.
Timing between NB-PDCCH and NB-PDSCH

In NB-IoT, transmission of the physical downlink control channel for narrowband IoT (NB-PDCCH) will be followed by transmission of the physical downlink data channel for narrowband IoT (NB-PDSCH). If NB-PDCCH is transmitted over several subframes in the case of repetition, the UE is expected to know the subframe in which the last repetition is transmitted. Following reception of the last repetition, the UE needs time to decode and process the NB-PDCCH. As with legacy LTE operation, however, data transmission can begin even while the UE is decoding the control channel since the UE can buffer the data during this period. Thus, NB-PDSCH transmission can begin in the very next subframe following NB-PDCCH.
If the NB-PDCCH for more than one UE is transmitted in a subframe, the corresponding NB-PDSCH transmissions may be time-multiplexed. In this case, at least the second NB-PDSCH transmission does not begin in the subframe immediately following NB-PDCCH and the DCI for at least the second NB-PDSCH must implicitly or explicitly indicate the relative time at which the transmission begins.

As we discuss in a companion contribution [3], when it is required to transmit a large number of repetitions in the case of enhanced coverage, discontinuous transmission of the repetitions provides diversity gain. In such a case, the NB-PDCCH and NB-PDSCH repetitions for two UEs can be interleaved. When this is done, again there is a delay between the NB-PDCCH and the corresponding NB-PDSCH. Therefore, we have the following proposal.

Proposal 1: The NB-PDSCH transmission can begin either in the first subframe following the last repetition of the NB-PDCCH or after a delay indicated to the UE.
Timing between NB-PDSCH and UL ACK/NACK
When the UE is in normal coverage, the duration of NB-PDSCH transmission depends on the TTI length. As discussed in a companion contribution [4], it is desirable to support TTI values up to 8 ms for more efficient data transmission. Thus, the TTI can be 1 ms, 2 ms, 4 ms, or 8 ms. The transmission of the UL ACK/NACK must follow the reception the NB-PDSCH after a sufficient gap. If legacy timing for UL ACK/NACK transmission is followed, a 3-ms gap is provided between NB-PDSCH and UL ACK/NACK. Figure 1 illustrates the case of 1-ms TTI. If a 3-ms gap is also required between the UL ACK/NACK and the NB-PDCCH for scheduling the retransmission, the round-trip time is 9 ms, as observed from the figure. The gaps also provide time to the UE to switch between reception and transmission for half-duplex operation.
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Figure 1. DL HARQ timing with NB-PDSCH TTI of 1 ms and no repetitions.
As noted in [1], maintaining the same timing between NB-PDSCH and UL ACK/NACK also allows for the support of two DL HARQ processes assuming normal coverage and a TTI of 1 ms. It is desirable to support a maximum of one DL HARQ process, however.
Timing in the case of a 2-ms TTI is depicted in Figure 2. Again legacy timing between the end of NB-PDSCH reception and the beginning of UL ACK/NACK transmission is assumed. Since the duration of NB-PDSCH is extended by 1 ms, the RTT is also extended by 1 ms to 10 ms. Although a 3-ms duration is sufficient for transmission of the NB-PDCCH and NB-PDSCH (with a TTI of 2 ms) of a second HARQ process, two HARQ processes can only be supported in this case by modifying the HARQ timing due to DL/UL switching gap required for half-duplex (type B) operation. Support of two HARQ processes, is not desirable anyway.
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Figure 2. DL HARQ timing with NB-PDSCH TTI of 2 ms and no repetitions.
Figure 3 and Figure 4 illustrate the cases with 4-ms TTI and 8-ms TTI, respectively, for NB-PDSCH transmission. Legacy timing between NB-PDSCH and UL ACK/NACK is again assumed. The RTT is correspondingly extended in each case as well.
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Figure 3. DL HARQ timing with NB-PDSCH TTI of 4 ms and no repetitions.
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Figure 4. DL HARQ timing with NB-PDSCH TTI of 8 ms and no repetitions.
The case of enhanced coverage is shown in Figure 5. With legacy timing, a 3-ms gap is provided between the last repetition of NB-PDSCH and the first repetition of UL ACK/NACK, which again provides adequate time for decoding the NB-PDSCH and switching from DL operation to UL operation. Here, too, a second HARQ process can be supported only if the HARQ timing is modified relative to legacy operation.
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Figure 5. DL HARQ timing with repeated transmissions.
The half-duplex operation of the UE does not preclude the eNB from operating in full-duplex mode. Therefore, the eNB can receive an UL transmission from one UE while it is transmitting on the DL to a second UE. This is illustrated in Figure 6. As seen in the figure, even with legacy timing there is enough flexibility for the eNB to receive the UL ACK/NACK from UE1 while it is engaged in NB-PDSCH transmission to UE2 without any conflict.
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Figure 6. DL HARQ timing with NB-PDSCH Transmissions to two UEs.
From the previous discussion, it is clear that legacy timing can be maintained with different NB-PDSCH TTI lengths as well as with repeated transmissions without any issues when no more than one DL HARQ process is supported. Furthermore, the full-duplex operation of the eNB prevent the eNB scheduler from being heavily constrained. Two HARQ processes can be supported without changing the HARQ timing only if the NB-PDSCH TTI is 1 ms and repetition is not required. Otherwise, the timing of UL ACK transmission after reception of NB-PDSCH would have to be delayed relative to legacy operation. Noting that it is desirable to support a maximum of one DL HARQ process for simplicity, legacy HARQ timing can be preserved.
Proposal 2: The timing of UL ACK/NACK transmission relative to the last repetition of NB-PDSCH follows legacy timing.
Timing between NB-PDCCH and NB-PUSCH
The timing between the NB-PDCCH scheduling UL data transmission and the physical uplink data channel for narrowband IoT (NB-PUSCH) is as illustrated in Figure 7 with half-duplex operation assuming legacy timing, which provides a 3-ms gap between the NB-PDCCH reception and PUSCH transmission. This timing can be followed regardless of the UL SC-FDMA numerology. Multiple UL HARQ processes are not considered since it is desirable to support only one UL process, as discussed in [1].
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Figure 7. Timing between NB-PDCCH and NB-PUSCH with no repetitions.

The case with repeated transmissions, as in enhanced coverage, is depicted in Figure 8, again with the assumption of legacy timing (3-ms gap) between the last repetition of the NB-PDCCH and the first repetition of the NB-PUSCH.
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Figure 8. Timing between NB-PDCCH and NB-PUSCH with repeated transmissions.
It is also worth noting that it would be possible to frequency-multiplex tone-level UL transmissions on the NB-IoT carrier. This would then allow, for example, an UL ACK/NACK to be multiplexed with a previously scheduled NB-PUSCH in the same subframe.

It is thus clear that given the need to support only one UL HARQ process, legacy timing between NB-PDCCH and NB-PUSCH can be followed and there is no need to change it.
Proposal 3: The timing of NB-PUSCH transmission relative to the last repetition of NB-PDCCH follows legacy timing.

3
Conclusion
In this contribution, we discuss DL and UL timing relationships for NB-IoT and make the following proposals.
Proposal 1: The NB-PDSCH transmission can begin either in the first subframe following the last repetition of the NB-PDCCH or after a delay indicated to the UE.

Proposal 2: The timing of UL ACK/NACK transmission relative to the last repetition of NB-PDSCH follows legacy timing.

Proposal 3: The timing of NB-PUSCH transmission relative to the last repetition of NB-PDCCH follows legacy timing.
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