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1 Introduction

There are fixed timing relationships in LTE physical layer including DL grant->PDSCH transmission, UL grant->PUSCH transmission, PDSCH transmission-> UL A/N, PUSCH-> DLA/N and PUSCH->PUSCH retransmission for both FDD and TDD. 

In this contribution, we attempt to trigger the discussions on the timeline design in NB-IoT and provide our views on this issue.
2 General discussion

NB-IoT targets lower end of the IoT market so the UE complexity/cost is expected to be much smaller than LTE and even eMTC. The capability of parallel processing would be quite limited and the processing delay would be increased due to the reduced operation complexity and memory size compared to LTE and eMTC. The single PRB operation may also impose more restrictions on the resource allocation in time domain. 
Observation 1: The NB-IoT timeline can be relaxed compared to LTE and eMTC or a new timeline restriction may be necessary to allow for the use of encoder and decoder as may be used for ultra-low cost UE implementations.

3 Timing relationship design
As analyzed in TR 45.820 [1] and [2], the NB-PSS/SSS detection is usually the limiting factor in determining the overall complexity for ultra-low cost NB-IoT devices. The downlink TBCC decoding should be able to share the memory with NB-PSS/SSS detection/decoding and not impose higher operation complexity requirement if both of them are implemented by software.

Proposal 1:  The NB-IoT downlink/uplink timeline should be designed such that it does not increase required peak processing load beyond that of PSS/SSS detection/decoding if software implementation is used.
This principle should be borne in mind for all the timeline designs for NB-IoT. 

3.1 Timing relationship between NB-PDCCH and NB-PDSCH
The NB-PDSCH decoding can only commence when the associated DCI has been decoded from the NB-PDCCH. After the NB-PDCCH has been received and FFT operations have been completed, the function blocks contributing to the decoding time of the associated DCI at least include RX processing block (e.g. channel estimation) and DL control processing block (i.e. convolution decoding and demodulation). The function blocks are performed in a sequential order. Cross-subframe scheduling is applied by eMTC considering the very limited processing capability of the low cost UEs. It is natural for NB-IoT UEs which typically target lower end of the market than eMTC to utilize cross-subframe scheduling always even if the NB-PDCCH and unassociated NB-PDSCH are multiplexed in the same subframe. Examples are shown in Figure 1 respectively for the two cases where NB-PDCCH and NB-PDSCH are multiplexed or not multiplexed in the same subframe.
Proposal 2: A time interval of k1 DL subframes is inserted between the end of NB-PDCCH transmission and the start of its associated NB-PDSCH transmission. 
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Figure 1. Timing relationship of NB-PDCCH and NB-PDSCH

In eMTC, the time interval value of k1 is fixed to one subframe excluding the invalid subframes. This however may not be viable for NB-IoT, for the following reasons:
· The NB-IoT DL scheduler has much less flexibility than eMTC in the frequency domain due to the maximum transmission bandwidth of one PRB instead of six PRBs. The scheduler is further restricted if NB-PDCCH and NB-PDSCH are not multiplexed in the same subframe (in this case the NB-IoT DL can be regarded as a pure TDM system). If a fixed k1 is applied to NB-IoT downlink, it is difficult for the scheduler to avoid the NB-PDSCH collision when two UEs are scheduled by two NB-PDCCH candidates with the same ending time. This problem will become more severe when large amount of repetitions are used by NB-PDCCH and NB-PDSCH for the coverage enhanced cases. 
· The placement of the invalid NB-IoT subframe (e.g. due to LTE MBSFN configuration) which may bring uncertainty to the time interval k1 is very difficult for the NB-IoT UEs to obtain. If system broadcast is used to carry the invalid subframe information, additional overhead will be introduced to the broadcast. And also note that the additional overhead (e.g. the LTE MBSFN configuration) may be completely unnecessary for the standalone/guard-band operation modes.
Therefore, it may be a more effective and/or efficient way to leave the k1 value for eNB configuration. 
Proposal 3: The time interval value of k1 is configurable per NB-PDSCH transmission. 
It has been agreed by RAN2 [1] that a single HARQ process is supported for dedicated transmissions (1 for UL and 1 for DL) in NB-IoT. As a result there will be no new DL grant transmission for a UE until an A/N to the previous NB-PDSCH transmission for the UE has been received. UL grant for the same UE can be still be transmitted during the NB-PDSCH processing period according to the agreement on single HARQ process. However considering the limited capability for NB-IoT UEs, it is also desirable to avoid this kind of parallel processing and to give sufficient time interval for two consecutive receptions 

Proposal 4: A time interval of k2 DL subframes is inserted between the end of NB-PDSCH transmission and the start of the following NB-PDCCH transmission for the same UE. 
Similar to eMTC, in order to support the early termination of the DCI decoding, the number of repetitions allocated for a NB-IoT UE’s DCI candidate should be informed to the UE. This can avoid the ambiguity of the start time of the scheduled NB-PDSCH transmission given a certain time interval k1. The repetition number could be indicated by the same way as eMTC, i.e., in the DCI. 
Proposal 5: The NB-IoT UE is able to early terminate the NB-PDCCH decoding and the repetition number of the NB-PDCCH is indicated by the DCI.
3.2 Timing relationship between NB-PDCCH and NB-PUSCH
In LTE, fixed 3ms time interval is mandated between UL grant and its scheduled PUSCH transmission for FDD. For NB-IoT which may require more time for UL data preparation, a larger time interval should be inserted between each pairs of UL grant and NB-PUSCH transmission in order to avoid unnecessary peak processing load on the ultra-low cost UE. 
Proposal 6: A time interval of k3 is inserted between the end of NB-PDCCH transmission and the start of its associated NB-PUSCH transmission. 
Akin to the NB-PDSCH transmission, eNB configuration for the start time of a NB-PUSCH transmission relative to the end of its associated NB-PDCCH would be a more flexible option especially considering the two numerologies (i.e. 3.75 kHz subcarrier spacing and 15 kHz subcarrier spacing) co-exist in the UL and a variety of TTI lengths may be supported.
Proposal 7: The time interval value of k3 is configurable per NB-PUSCH transmission.
3.3 HARQ timing
In LTE, fixed four-plus timeline is strictly followed by the PDSCH/PUSCH transmission and its corresponding A/N transmission in FDD, i.e., if the PDSCH/PUSCH is transmitted in subframe n, the time instance for the corresponding A/N transmission is fixed at subframe n+4. Based on the fixed timeline, the source node can accurately predict the subframe at which the A/N feedback for each PDSCH/PUSCH will be received when multiple parallel HARQ processes are maintained. An example for the LTE DL HARQ timeline is shown in Figure 2.

A single HARQ process is supported for dedicated transmissions (1 for UL and 1 for DL) in NB-IoT. As a result, there will be no ambiguity for linking an A/N response to the corresponding data transmission even if no predefined timeline is specified. This can be seen by the example shown in Figure 2 for the NB-IoT DL HARQ. On the other hand, different number of repetitions would be applied by NB-IoT according to different MCL targets. This will extraordinarily complicate the scheduler design if a fixed HARQ timeline is defined.  Particularly as aforementioned, little freedom is held for the DL scheduling in frequency domain and a variety of UL TTIs may be defined given two UL numerologies. All these may lead to the eNB having few NB-IoT scheduling opportunities if a fixed HARQ timeline has to be maintained.
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Figure 2 Examples of DL HARQ timing for LTE and NB-IoT

Based on the analysis above, it is not favorable to restrict the A/N transmitting time according to a fixed timeline. By jointly considering the processing delay after a data reception, we make the following two proposals respectively for downlink and uplink HARQ timing.
Proposal 8: The UL A/N is carried by the first uplink transmission the start of which is at least t1 milliseconds later than the end of the corresponding NB-PDSCH reception. 

Proposal 9: The DL A/N is transmitted at the first NB-PDCCH transmission for the same UE the start of which is at least t2 milliseconds later than the end of the NB-PUSCH reception. 

One open issue regarding the A/N transmission is whether early feedback is allowed when early decoding (or early termination) is feasible. The early decoding will not be rare given very limited number of coverage enhancement levels. The UE can successfully decode the NB-PDSCH well before the last repetition is received on the DL.  The UE can immediately process the decoded NB-PDSCH and send an early A/N response to eNB than expected or alternatively will not send A/N response until at least t1 milliseconds elapse after the end of the NB-PDSCH repetition. The potential benefits for the early decoding and early transmission of UL A/N are the UE power saving and fast link adaptation to save resource. However, the UE can by all means terminate the decoding halfway to save power once it has successfully decoded the NB-PDSCH even if the repetition of the NB-PDSCH is still continuing. The fast link adaptation may not be that attractive as the short-burst characteristic of most NB-IoT traffic (e.g. application layer A/N) and open-loop link adaption could be anyway taken by the eNB if the traffic lasts very long time. 

Proposal 10: The UL A/N transmission complies with the timeline assuming the UE does not complete the NB-PDSCH reception until the end of the NB-PDSCH repetition.
The DL A/N in response to the NB-PUSCH transmission is expected to be carried by NB-PDCCH only (e.g. indicated by NDI in the DCI). Therefore, it is natural to support adaptive NB-PUSCH retransmission in addition to adaptive NB-PDSCH retransmission.

There is also strict timeline for the uplink retransmission in LTE, i.e., the uplink retransmission only occurs at the n+4 subframe if the NACK feedback is received at subframe n. eMTC breaks the previous rule by introducing asynchronous uplink retransmission to achieve more flexibility for the scheduler and to simplify the design.  There is no reason we do not reuse this eMTC design for NB-IoT where the uplink scheduling and design are expected to be much more complicated than eMTC. 

Proposal 11: Adaptive and asynchronous retransmission is supported by NB-IoT UL.

3.4 Considerations of the delay values
The range of the delay values (i.e. k1, k2, k3, t1 and t2) which would have big impact on the implementation complexity should be carefully chosen. Based on the analysis and corresponding observations in section 2, a general consideration is that the timeline designs should allow for ultra-low cost NB-IoT UEs which may have much lower processing capability than for LTE and eMTC. Specifically at least the delay values of t1, and k3 should be considerably relaxed compared to LTE and eMTC. 
Proposal 12: At least the values of t1 and k3 should be considerably relaxed compared with LTE and eMTC in order to reduce the peak processing load for the UE which is intended to be ultra-low cost.

Our analysis suggests that relaxing the eMTC timeline by increasing the minimum values of the delays t1 and k3 (i.e. NB-PDSCH->A/N and NB-PDCCH->NB-PUSCH) from 3ms to tens of milliseconds substantially relaxes the peak processing load on the UE while having minimal impact on the NB-IoT transaction latency. Using 15ms as the minimum values for these delays could be a reasonable starting point by jointly considering the UE complexity and data delivery delay.

Proposal 13: The minimum values of t1 and k3 are both no less than 15ms.

We show in Annex A that the impact of this relaxation in timeline is a only a very small increase in exception report latency, ranging from an increase in latency of just 0.6% for 164 dB coupling loss to 2.4% for 144 dB coupling loss, which is considered to be negligible.
Observation 2: The impact of relaxing the NB-IoT timeline in order to reduce the peak processing load for ultra-low cost UE implementations is negligible in terms of the overall reporting latency (2.4% or less increase in overall latency).

4 Conclusions
In this contribution, different timing relationships in NB-IoT were examined and our considerations on the design were provided. The following observation was firstly obtained:

Observation 1: The NB-IoT timeline can be relaxed compared to LTE and eMTC or a new timeline restriction may be necessary to allow for the use of encoder and decoder as may be used for ultra-low cost UE implementations.

And also, the following proposals are made:
Proposal 1:  The NB-IoT downlink/uplink timeline should be designed such that it does not increase required peak processing load beyond that of PSS/SSS detection/decoding if software implementation is used.

Proposal 2: A time interval of k1 DL subframes is inserted between the end of NB-PDCCH transmission and the start of its associated NB-PDSCH transmission. 

Proposal 3: The time interval value of k1 is configurable per NB-PDSCH transmission. 

Proposal 4: A time interval of k2 DL subframes is inserted between the end of NB-PDSCH transmission and the start of the following NB-PDCCH transmission for the same UE. 

Proposal 5: The NB-IoT UE is able to early terminate the NB-PDCCH decoding and the repetition number of the NB-PDCCH is indicated by the DCI.
Proposal 6: A time interval of k3 is inserted between the end of NB-PDCCH transmission and the start of its associated NB-PUSCH transmission. 
Proposal 7: The time interval value of k3 is configurable per NB-PUSCH transmission. 

Proposal 8: The UL A/N is carried by the first uplink transmission the start of which is at least t1 milliseconds later than the end of the corresponding NB-PDSCH reception. 

Proposal 9: The DL A/N is transmitted at the first NB-PDCCH transmission for the same UE the start of which is at least t2 milliseconds later than the end of the NB-PUSCH reception.

Proposal 10: The UL A/N transmission complies with the timeline assuming the UE does not complete the NB-PDSCH reception until the end of the NB-PDSCH repetition.

Proposal 11: Adaptive and asynchronous retransmission is supported by NB-IoT UL.

Proposal 12: At least the values of t1, and k3 should be considerably relaxed compared with LTE and eMTC in order to reduce the peak processing load for the UE which is intended to be ultra-low cost.

Proposal 13: The minimum values of t1 and k3 are both no less than 15ms.

And with respect to the extent to which the timeline is relaxed the following Observation was obtained:

Observation 2: The impact of relaxing the NB-IoT timeline in order to reduce the peak processing load for ultra-low cost UE implementations is negligible in terms of the overall reporting latency (2.4% or less increase in overall latency).
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Annex A
In this Annex we consider the impact of relaxing the NB-IoT timeline, following Proposal 13.

As a baseline, we take the results in Table 8 of [4], which is the Exception report latency evaluation for the earlier NB-LTE proposal which is considered to be sufficiently representative of the latency for NB-IoT for the purposes of this analysis. These results are reproduced in Table 1.
Table 1: Exception report latency taken from Table 8 of [4]
	Coupling loss (dB)
	144
	154
	164

	Tsync(ms)
	340
	340
	520

	TMIB(ms)
	151
	151
	631

	TPRACH(ms)
	324
	688
	1440

	TRAmsg2-4 (ms)
	622
	708
	1060

	TULgrant(ms)
	48
	45
	49

	TULdata(ms)
	39
	553
	1923

	Total time (ms)
	1524
	2485
	5623


It can be seen that the total latency for delivery of the exception report (with 90% confidence in this particular analysis) ranges from 1.5 seconds at 144 dB coupling loss to 5.6 seconds for 164 dB coupling loss.

Furthermore, there are three occasions in the protocol flow for the exception report in which the latency is increased according to Proposal 13: the uplink grant for MSG3, the acknowledgement for MSG4 and the uplink grant for the exception report itself. Since in each case the increased latency is 12ms (comparing 15ms for the proposed minimum time intervals with 3ms for LTE/eMTC), the overall increase in latency is 36ms over the entire exception report protocol flow.

Comparing the 36ms latency increase with the total latency values shown in the final row of Table 1, the increase in latency ranges from 0.6% for 164 dB coupling loss to 2.4% for 144 dB coupling loss, which is considered to be negligible.
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