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Discussion and Decision
1 Introduction
The following was agreed in the RAN1 NB-IoT Ad Hoc [1] –

Agreements:

· Multiple NB-IoT carriers operation for NB-IoT is supported  at least for in-band, guard-band operation modes
· FFS: Define one NB-IoT PRB containing NB-PSS/SSS and NB-PBCH as the anchor PRB

· FFS: which PRB is defined as the anchor PRB

· Additional PRBs are configured by MIB and/or SIB and/or RRC signaling

· If more than one PRBs are allocated in the in-band operation, not all of those PRBs need to satisfy 100 kHz channel raster requirements
· FFS: Detailed signaling
· FFS: Stand-alone operation
Agreements:
· A CCE for NB-PDCCH is composed by resources within a subframe
· Within a PRB pair, 2 CCEs are defined 
· Single antenna port transmission is also supported based on the above definition 
· Same transmission scheme is applied to NB-PDCCH, NB-PBCH, and NB-PDSCH
Agreements:
· For NB-IoT, 

· One CCE consists of 6 subcarriers per OFDM symbol in a subframe
· NB-PDCCH and NB-PDSCH are multiplexed only based on TDM at subframe level at least per UE
· It means that only cross subframe scheduling is supported
· Different NB-PDCCHs:

· TDM at subframe level for extended and extreme coverage.

· Can be multiplexed in one subframe for normal coverage

· FFS: FDM+TDM
Agreements:
· One resource unit schedulable in PUSCH transmission for the data consists of fixed [X] msec at least for FDD
· X(115kHz) is 8 for 15 kHz case with single tone transmission

· X(13.75kHz) is 32 for 3.75 kHz case with single tone transmission

· In case of multiple tones is allocated for one UE, X{m} is smaller than X(115kHz)

· In case of 12 tones is allocated for one UE, X{12} is 1
Agreement:
· UL multi-tone transmission for the data with 12 tones is supported

· UL multi-tone transmission for the data also supports followings of numbers of multiple 

· {3} with 4 msec resource unit size
· {6} with 2 msec resource unit size
Agreement: Allow one TB scheduled over more than one resource units in time

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

The agreements noted above include the support of multiple NB-IoT carriers at least for in-band and guard-band operation where one NB-IoT PRB is defined as the anchor carrier. Our view is that in Rel-13, after initial acquisition of system information on the anchor carrier, the UE is directed to another NB-IoT PRB for all control and data communication. It remains there until it is reconfigured by the system to move to another carrier. Therefore, the UE transmits/receives data on the same carrier where it receives control information. This simplifies UE operation. Thus, we have the following proposal.

Proposal 1: Cross-carrier scheduling of DL or UL data is not supported with multiple-PRB NB-IoT operation.

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). With no support for cross-carrier scheduling and per the agreement noted above, the NB-PDCCH can only be time-multiplexed with the NB-PDSCH (cross-subframe scheduling only) in the same PRB. Furthermore, if the 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. Therefore, if the NB-PDCCH transmission ends in subframe n, the NB-PDSCH transmission begins in subframe n+k where k≥1.

One case in which the NB-PDSCH cannot begin immediately after the NB-PDCCH is when the next subframe is not a valid subframe for transmission of data, e.g., if the subframe is used for transmission of NB-PBCH. In such an instance, the UE may have knowledge that the NB-PDSCH cannot be transmitted in the subframe. Therefore, a delay in transmission of NB-PDSCH must be supported and the UE may have the information on the extent of the delay.

According to one of the agreements noted above, a PRB pair can carry two CCEs. If the NB-PDCCH for more than one UE is transmitted in a subframe, the corresponding NB-PDSCH transmissions may be time-multiplexed with each other. 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 indicate the relative time at which the transmission begins. Similarly, as discussed in a companion contribution [3], if control and data regions are used such that all NB-PDCCH transmissions are grouped together and all NB-PDSCH transmissions are grouped together in a repetitive pattern, it is again required to allow a delay in NB-PDSCH transmission following the NB-PDCCH.
As is further discussed in [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.

In the various cases above, the timing of the NB-PDSCH transmission relative to the NB-PDCCH is configurable by the scheduler and can be indicated in the DCI. Therefore, we have the following proposal.

Proposal 2: The NB-PDSCH is transmitted with a delay of k1 subframes relative to the last repetition of the NB-PDCCH, where the delay k1 ≥ 1 is indicated in the DCI.
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, e.g., 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. The ability to maintain this fixed timing for transmission of the UL ACK/NACK, however, is based on the assumption that the subframe is a valid UL subframe for the UE, which may not always be the case. To overcome this issue, the eNB can schedule the UL ACK/NACK transmission by indicating the timing in the DCI for the NB-PDSCH.
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Figure 1. DL HARQ timing with NB-PDSCH TTI of 1 ms and no repetitions.
The use of longer a TTI for downlink data transmission should not inherently have a direct impact on the relative timing of the UL ACK/NACK. Following the same timing (assuming the availability of an UL subframe) should be possible. Since the duration of the NB-PDSCH is extended with a longer TTI, the RTT is also correspondingly extended.

The case of enhanced coverage is shown in Figure 2. 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. As in the case of normal coverage, the presence of an invalid subframe can force a delay in the transmission of the UL ACK/NACK.
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Figure 2. 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 3. 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. The figure also illustrates a delayed ACK/NACK transmission from UE2 due to the occurrence of a subframe that is invalid or unavailable for UL transmission.
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Figure 3. DL HARQ timing with NB-PDSCH Transmissions to two UEs allowing delays to accommodate invalid or unavailable subframes.
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 if invalid subframes do not force a delay. Furthermore, the full-duplex operation of the eNB prevents the eNB scheduler from being heavily constrained. Relaxing the HARQ timing should only be considered if it significantly reduces the UE complexity; otherwise the 3-ms legacy timing can be followed. On the other hand, flexibility in timing is necessary to make allowance for the UE to transmit the UL ACK/NACK in a valid UL subframe. 
Proposal 3: The UL ACK/NACK is transmitted in the first valid UL subframe with a delay of at least k2 subframes relative to the last repetition of the NB-PDSCH, where the delay k2 = 4.
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 4 with half-duplex operation assuming legacy timing, which provides a 3-ms gap between the NB-PDCCH reception and PUSCH transmission. As with transmission of an UL ACK/NACK, the 3-ms timing cannot be followed if a valid UL subframe is not available for transmission of the NB-PUSCH. To allow for such cases, indication of the NB-PUSCH timing can be included in the DCI.
	Subframe
	0
	1
	2
	3
	4
	5
	6
	7
	8

	DL
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	UL
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	
	
	NB-PDCCH
	
	NB-PUSCH
	


Figure 4. Timing between NB-PDCCH and NB-PUSCH with no repetitions.

The case with repeated transmissions, as in enhanced coverage, is depicted in Figure 5, 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 5. Timing between NB-PDCCH and NB-PUSCH with repeated transmissions.
According to the agreements noted in the introduction, the resource unit schedulable for NB-PUSCH transmission is 8 ms for 15 kHz single-tone transmission and 32 ms for 3.75 kHz single-tone transmission. Similar to partitioning of subframes for control and DL data transmission noted above and discussed in [3], partitioning of subframes for DL and UL data transmission is also a possibility. Then UL time resources may be divided based on the resource unit sizes, in which case NB-PUSCH transmission start times may have a resolution equal to the resource unit size. To support this, again flexible NB-PUSCH timing indicated by the DCI is required.

Another case requiring flexible timing is illustrated in Figure 6. Here NB-PDSCH and NB-PUSCH for the same UE are scheduled sequentially. After reception of the NB-PDSCH, which is 4 ms long, the UE switches from DL reception to UL transmission. The NB-PUSCH transmission is scheduled to start at a time that coincides with the UL ACK/NACK time (the ACK/NACK can be transmitted by puncturing the NB-PUSCH transmission [5]). The NB-PUSCH start time is indicated in the DCI. 
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Figure 6. Timing between NB-PDCCH and NB-PUSCH
It is 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.

Proposal 4: The NB-PUSCH is transmitted with a delay of k3 subframes relative to the last repetition of the NB-PDCCH, where the delay k3 ≥ 4 is indicated in the DCI.
3
Conclusion
In this contribution, we discuss DL and UL timing relationships for NB-IoT and make the following proposals.
Proposal 1: Cross-carrier scheduling of DL or UL data is not supported with multiple-PRB NB-IoT operation.

Proposal 2: The NB-PDSCH is transmitted with a delay of k1 subframes relative to the last repetition of the NB-PDCCH, where the delay k1 ≥ 1 is indicated in the DCI.

Proposal 3: The UL ACK/NACK is transmitted in the first valid UL subframe with a delay of at least k2 subframes relative to the last repetition of the NB-PDSCH, where the delay k2 = 4.

Proposal 4: The NB-PUSCH is transmitted with a delay of k3 subframes relative to the last repetition of the NB-PDCCH, where the delay k3 ≥ 4 is indicated in the DCI.
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