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1 Introduction

At the 2nd ad-hoc meeting for RAN1 on NB-IoT, the following was agreed as a working assumption:

· Working Assumption:

· At least for UEs in extreme coverage (FFS how the UE knows its coverage level for the purpose of knowing which gap configuration applies, if any), for transmission in downlink which requires large number of repetitions, DL gaps can be introduced during the repetitions of NPDSCH and NPDCCH

· Note: During a DL gap, UEs other than those configured with the particular gap can receive their NPDSCH and/or NPDCCH 

· Gap configuration is provided by SIB signaling

· Configuration information is composed of a subset of the following: 

Gap enable/disable, Gap starting point (periodicity, offset), Gap size, number of Gaps for Rmax repetitions
· Exact subset is FFS.

· FFS how many gap configurations are needed

· For a given UE, the subframes designated as DL gap are treated as invalid DL subframes for the given UE

· Invalid subframe means: When overlapping with a DL gap, PDCCH and PDSCH repetitions are FFS (until RAN1#84bis)

· either postponed to the next valid DL subframe 

· or skipped

· Note that these gaps do not apply in Idle Mode. 

· Note that this does not impact downlink-uplink timing relationships

In this contribution, we share our views on the remaining details of time-domain mapping and monitoring of DL physical channels, including the remaining aspects of DL gaps, prioritization between monitoring of different NB-PDCCH search spaces, and outstanding details on timing relationships between physical channels.

2 Remaining details of DL gaps
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 via introduction of DL gaps was agreed as a working assumption for NB-PDCCH and NB-PDSCH transmissions. 

Further progress was being made during an email discussion, wherein the following “FFS” points were clarified: 

1. “FFS how the UE knows its coverage level for the purpose of knowing which gap configuration applies, if any”

· For RACH Msg2 and Msg4, the UE knows its gap configuration according to R_NPDCCH_max configuration of the CSS for Msg2 (i.e., RAR) transmission. This is also the default gap configuration for DL transmission after Msg4.

· For DL transmissions after Msg4, the UE knows its gap configuration according to the UE-specific R_NPDCCH_max configuration. In case there is no R_NPDCCH_max configuration, the UE uses the default gap configuration.

2. “Exact subset is FFS”

· The subset is: {Gap starting point periodicity, Gap size}.  

· Gap configuration provides indication on if the DL transmission gap is enabled or disabled.

· Gap starting point is defined over absolute subframe number.

3. “FFS how many gap configurations are needed”

· At least one threshold X1 is defined, and correspondingly one gap configuration can be signaled for R_NPDCCH_max >= X1;

· Decide till RAN1#84bis if a second threshold X2 is defined, and correspondingly a second gap configuration can be signaled for X1 > R_NPDCCH_max >= X2.

In this section, we share our views on the remaining aspects related to DL gaps and their configuration.

2.1 DL gaps for Random Access Msg2 and Msg4 reception
Although it was noted during the discussions at the 2nd ad-hoc meeting for RAN1 WG on NB-IoT that the DL gaps do not apply to Idle mode, in our view, it is important that DL gaps are applied to reception of random access Msg2, Msg4 and RRCConnectionSetup message (if different from Msg4). Considering the possibility of operating with a single narrowband in the system, a very large number of repetitions of NB-PDCCH scheduling RAR/Msg3 retransmissions/Msg4 scheduling or NB-PDSCH carrying the RAR or Msg4 or RRCConnectionSetup messages can block transmissions to other UEs for prolonged periods of time.
Thus, following the agreement from the RAN1 email discussion, the DL gap configuration should be derived by the UE based on the R_NPDCCH_max configured for CSS for random access (RAR/Msg3 reTx/Msg4/RRCConnectionSetup message scheduling). Further, the R_NPDCCH_max and the starting subframe for the CSS for RA should be defined with respect to the NB-PRACH repetition level (or NB-PRACH resource set), and can be configured via NB-SIB signaling. This would be necessary to allow for flexible multiplexing of the CSS for RA corresponding to UEs in widely different coverage conditions, as well as allow for sufficient scheduling flexibility at the eNodeB to multiplex between CSS for RA and other UEs’ USS or other CSS instances (e.g., CSS for paging). 
Further, on the need for different DL gap configurations for CSS for RA (and the relevant NB-PDSCH transmissions during RA) as a function of R_NPDCCH_max of the CSS for RA (that in turn depends on the NB-PRACH repetition level (or resource set)), such functionality would allow gap-less transmissions to UEs in good coverage, while progressively introduce gaps (in terms of frequency and length of the gaps) for UEs in worse coverage levels. In this regard, it is important to note that it would be beneficial to minimize the impact from DL gaps for UEs in good or moderate coverage compared to those in extreme coverage – considering the adverse effect of delay as well as the potential gains from time diversity. 
Thus, as discussed further in Section 2.2, at least up to two configurations should be allowed – that are derived from comparing the R_NPDCCH_max of the CSS for RA to configured thresholds. These thresholds and corresponding DL gap configurations can be the common to both CSS for RA and USS and their associated NB-PDSCH transmissions.
On the other hand, as mentioned above, it would be necessary to allow configuration of DL gaps for NB-PDCCH and NB-PDSCH during RA procedure in order to allow time multiplexing with other UEs’ traffic or paging requirements.

Proposal 1:

· DL gaps are supported for NB-PDCCH and NB-PDSCH transmissions as part of random access procedure.
· Up to two DL gap configurations are applicable to transmission of NB-PDCCH and NB-PDSCH as part of the random access procedure. These configurations can be common to both CSS for RA and USS and their associated NB-PDSCH transmissions.
2.2 Number of DL gap configurations

During the RAN1 email discussion, the need for multiple DL gap configurations was raised and it was commented that a single configuration should be sufficient to be applicable for UEs with R_NPDCCH_max  ≥ X1 so as to enable the eNodeB to transmit to other UEs requiring small number of repetitions with less latency. While such a case would may suffice for a relatively narrow spread of coverage conditions across UEs, for NB-IoT, a cell could serve UEs in a wide range of coverage conditions spanning MCL of 20+ dB and a wide range of repetition numbers from 1 to 2048 (at least for NB-PDCCH). Thus, it is important that the DL gaps are configured appropriately with sufficient granularity of the R_NPDCCH_max to categorize the UEs in distinctly different coverage conditions.
The configuration of DL gaps should provide sufficient TDM-based multiplexing opportunities for UEs in different coverage conditions while minimizing the impact of increased latency for the UEs for whom the DL gaps are applied. Additionally, the introduction of gaps can naturally help realize time diversity gains, although such gains may be most pronounced for the largest repetition levels due to the relatively stationary nature of NB-IoT UEs assumed for Rel-13 specifications.

In summary, the configuration of DL gaps should be such that: 

· it allows for UEs requiring relatively lower number of repetitions to be scheduled (“squeezed in”) during a period of long transmission to a UE with a large number of repetitions; and, 

· it does not cause significant impact to the UEs for whom the gaps are applicable, i.e., do not prolong their transmissions too much; in other words, the periodicity and the length of these gaps should be somewhat proportionate to the number of repetitions these UEs may require. 

With just a single possible configuration, the above can be effectively realized considering UEs with MCL < 144 dB and requiring no repetitions, UEs with MCL of about 154 dB requiring ~128 repetitions, and UEs with MCL up to 164 dB requiring 2000+ repetitions. If a single threshold and corresponding gap configuration is supported, then either the threshold X1 would be too low – implying adverse delays for UEs in intermediate coverage conditions with too much of gaps, or the threshold X1 could be too high – implying adverse delays for UEs in good coverage due to blocking by UEs in intermediate (extended) coverage conditions.
Additionally, with two configurations of DL gaps, it can be possible to have interleaved transmissions to two UEs using different DL gap configurations so as to reduce their individual latency. Such allocations may be especially beneficial if the UEs apply early termination at the receiver side, thereby realizing reduced power consumption benefits.

Therefore, in our view, at least up to two thresholds and configurations should be supported by the specifications based on either the R_NDPCCH_max of CSS for RA or the UE-specific R_NPDCCH_max of NB-PDCCH USS.
Further, the thresholds should be configurable by the network instead of being fixed in the specifications due to the consideration of significantly different number of repetitions needed depending on the mode of operation (in-band/guard-band/stand-alone), and the different level of need for DL gaps depending on the UE population in each coverage level within the cell.
Proposal 2

· Allow configuration of up to two thresholds X1 and X2 via NB-SIB signaling and correspondingly up to two DL gap configurations that apply when R_NPDCCH_max ≥ X1 and R_NPDCCH_max ≥ X2 respectively.
2.3 Signaling of DL gaps

It was discussed whether to define joint coding or separate coding for signaling of the DL gap starting point periodicity and the DL gap lengths and how to indicate disabling of DL gaps in a cell. In our view, while the details of the RRC signaling can be left up to RAN2, it is preferable to allow for separate coding of the gap starting point periodicity and DL gap lengths for simplicity and higher flexibility. 

Specifically, the DL gap starting point periodicity, which is defined w.r.t. an absolute subframe number (e.g., SFN #0, subframe #0), would determine the frequency of scheduling opportunities for a certain set of UEs (requiring certain number of repetitions for their NB-PDCCH and NB-PDSCH depending on their coverage condition and traffic nature), the DL gap lengths would determine the group of UEs that may be addressed during these gaps – the larger the gap lengths, larger would be the pool of UEs that may be addressed within a single or a few instances of such gaps, at the cost of increased delay to the UEs for whom the gap applies. Thus, it can be beneficial to have the flexibility to independently configure how frequently these gaps occur and how long they are depending on the scheduling load and the distribution of the UE population in different coverage conditions and with different traffic requirements.

Regarding indication of disabling of DL gaps, following the option of separate configuration, one option could be to indicate DL gap disabling when the DL gap lengths are zero. Alternatively, the eNB could also indicate the thresholds X1 and X2 both as infinite, indicating disabling of DL gaps. For the second alternative, it should be possible for the eNodeB to indicate infinity as the values for thresholds X1 and X2. Further, note that disabling of the second DL gap may be possibly by indicating X2 = infinity or by not signaling X2 at all.
Proposal 3

· Details of signaling of DL gap starting point periodicity and DL gap lengths can be left up to RAN2, however, separate signaling of the two is preferred considering flexibility.

· DL gaps can be disabled either by signaling gap length = 0 or by setting the threshold X1= infinity and/or X2 = infinity.

2.4 DL gaps and their relation to cell-specific valid DL subframes

The DL gaps result in realization of UE-specific invalid DL subframes. However, we also have the presence of cell-specific invalid DL subframes. The latter would not be useable in terms of TDM-based multiplexing between different UEs in the cell via DL gap configurations. Thus, the DL gaps should be defined w.r.t. to the cell-specific valid DL subframes so as to enable these gaps to be useful in addressing other UEs. Although the periodicity of the starting point of the DL gaps should be defined with respect to an absolute subframe number, the definition of the periodicity and the gap length should be in terms of cell-specific valid DL subframes. Otherwise, in effect the DL gaps may be of unequal length in terms of their usefulness depending on the presence of cell-specific invalid DL subframes within a gap duration. 

Additionally, it should be noted that if the DL gap starting point periodicity and gap length values are defined in terms of number of cell-specific valid subframes, this would not cause any challenges in UE multiplexing as long as a common reference (based on an absolute subframe number) is used.
Proposal 4

· The DL gaps should be defined with respect to an absolute subframe number, e.g., SFN 0, subframe 0.

· The DL gap starting point periodicity and DL gap length values are defined in terms of cell-specific valid DL subframes.

2.5 Handling of NB-PDCCH and NB-PDSCH during DL gaps
There were limited discussions during the 2nd RAN1 ad-hoc meeting on NB-IoT on whether the handling of the DL gaps should be similar to UE-specific invalid DL subframes or cell-specific invalid DL subframes, i.e., whether the NB-PDCCH and NB-PDSCH transmissions corresponding to these DL gaps should be skipped/dropped or postponed. For the option of skipping/dropping, the eNodeB would necessarily need to configure the UE with a larger number of repetitions considering the presence of DL gaps. On the other hand, for the option of postponing, the eNodeB would not need to adjust the number of repetitions – the corresponding NB-PDCCH or NB-PDSCH transmissions are just postponed to the next valid DL subframe after the DL gap occurrence.
Considering the fact that the granularity of the number of repetitions for NB-PDCCH and NB-PDSCH are quite coarse, especially for large number of repetitions, it may be preferable to specify postponing of the NB-PDCCH and NB-PDSCH transmissions during the DL gaps, thereby avoiding configuration and use of a much larger number of repetitions in order to compensate for the DL gaps in case skipping/dropping rule is applied. 
Proposal 5
· For UEs subject to DL gaps, during the DL gaps, it is preferred that the NB-PDCCH and NB-PDSCH transmissions are postponed to the next valid DL subframe.
3 NB-PDCCH Search Space Monitoring: CSS and USS

It was agreed that an NB-IoT UE is not expected to monitor USS and CSS simultaneously. Certain prioritization rules need to be defined in case of time-domain collisions between different search spaces. In RRC Connected mode, the UE may need to monitor CSS for random access in case it transmits NB-PRACH.

Since monitoring of CSS for random access ensues upon transmission of NB-PRACH, the UE should prioritize monitoring of CSS of RAR over USS monitoring in RRC Connected mode, e.g., when it may have transmitted NB-PRACH to request for UL grant as a scheduling request mechanism. This is also consistent with the behavior for multi-carrier operation (MCO) whereby the UE would be expected to monitor the CSS for random access on the NB-IoT carrier with NB-PSS/SSS/PBCH/SIB transmissions instead of the USS on an additional NB-IoT carrier, in case it transmits NB-PRACH. 

Note that, when in RRC Idle mode, due to both CSS for paging and CSS for random access are in the same carrier, it can be expected that time-domain collisions between these two search spaces would be avoided by proper eNodeB scheduling.

Proposal 6
· A UE prioritizes monitoring of CSS for random access upon transmission of NB-PRACH when in RRC CONNECTED mode.
4 Remaining details of timing relationships between NB-IoT physical channels

In the following, we share our views on the remaining details of the timing relationships between NB-IoT physical channels following the agreements made up until the 2nd RAN1 ad-hoc meeting on NB-IoT.
4.1 Timing between PDCCH and NB-PUSCH

It has been agreed that the start of NB-PUSCH transmission is at least 8ms later than the end of the NB-PDCCH transmission carrying the corresponding UL grant.

The increment in the delay amounts can be configured to the UE via higher layers. Considering signaling overhead, configuration based on single-tone vs. multi-tone transmissions and subcarrier spacing values (15 kHz vs. 3.75 kHz) can be signalled via NB-SIB. Further, a default set of values, e.g., {0, 2, 4, 8} ms or {0, 4, 8, 16, 32} ms, that would apply in the absence of higher layer configuration can be specified.

Note that at least cell-specific set of valid UL subframes should be defined in Rel-13 for forward compatibility to TDD systems, e.g., TDD deployments with eIMTA.  

Proposal 7
· The increment in the delay amounts can be configured to the UE via NB-SIB signaling. 

· Consider specifying a default set of values for the increments in the delay amounts indicated by the DCI.

· The increments can be defined as a function of the configured subcarrier spacing value and/or the number of subcarriers assigned.
4.2 Timing between NB-PDSCH and HARQ-ACK feedback

RAN1 agreed that the DL HARQ-ACK feedback is transmitted at least 12ms after the end of the associated NB-PDSCH. 

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. Accordingly, the derivation of the time domain resources is discussed in our companion paper [2].

In summary, as one option the DCI can indicate the value of ‘k’such that the HARQ-ACK report is to be transmitted at the first available UL subframe after n+k subframes where ‘n’ is the subframe corresponding to the last repetition of the NB-PDSCH, Kmin ≤ k, with Kmin = 13.
Alternatively, to be able to pack multiple UE’s HARQ-ACK transmissions within the same subframes (or NB-slots), certain set of UL subframes or NB-slots can be configured to carry HARQ-ACK reports via higher layers using a periodicity and offset in a cell-specific manner, and the DCI can point to a specific index of the HARQ-ACK reporting subframe, that is at least 12ms after the last subframe of the corresponding NB-PDSCH, wherein the first subframe of the HARQ-ACK report transmission can be transmitted by the UE.

4.3 Timing relationship between NB-PDSCH and NB-PDCCH 

One remaining aspect pertains to the timing gap between the end of the NB-PDSCH and the start of the NB-PDCCH. While this NB-PDCCH may not carry a DL assignment due to the single DL HARQ process assumption for NB-IoT UEs, it may be possible for the NB-PDCCH to schedule an UL grant for NB-PUSCH transmission [3].

However, in order to provide sufficient decoding time budget for NB-PDSCH decoding as well as to avoid concurrent processing of different physical channels in view of reduced UE complexity, it would be simpler to postpone any UL grant transmission until after the transmission of the DL HARQ-ACK in response to the scheduled NB-PDSCH. Further, this will simplify the scheduling at the eNodeB as well since transmission of UL grant during the gap between NB-PDSCH and NB-PUSCH with DL HARQ-ACK feedback would imply a coupling between the time-domain resource allocation for the NB-PUSCH with DL HARQ-ACK, NB-PUSCH with UL SCH, and the number of repetitions needed for the NB-PDCCH carrying the UL grant itself. 

Thus, considering Type B HD-FDD operation for NB-IoT UEs, we make the following proposal.

Proposal 8
· The UE is not required to monitor NB-PDCCH until at least 1ms after the end of the transmission of NB-PUSCH with DL HARQ-ACK feedback.
5 Conclusions

In this contribution, we presented our views on the remaining details of time-domain mapping and monitoring of DL physical channels, including the remaining aspects of DL gaps, prioritization between monitoring of different NB-PDCCH search spaces, and outstanding details on timing relationships between physical channels. Based on the presented discussion, our view is summarized by the following proposals:
Proposal 1:

· DL gaps are supported for NB-PDCCH and NB-PDSCH transmissions as part of random access procedure.

· Up to two DL gap configurations are applicable to transmission of NB-PDCCH and NB-PDSCH as part of the random access procedure. These configurations can be common to both CSS for RA and USS and their associated NB-PDSCH transmissions.

Proposal 2

· Allow configuration of up to two thresholds X1 and X2 via NB-SIB signaling and correspondingly up to two DL gap configurations that apply when R_NPDCCH_max ≥ X1 and R_NPDCCH_max ≥ X2 respectively.
Proposal 3

· Details of signaling of DL gap starting point periodicity and DL gap lengths can be left up to RAN2, however, separate signaling of the two is preferred considering flexibility.

· DL gaps can be disabled either by signaling gap length = 0 or by setting the threshold X1= infinity and/or X2 = infinity.

Proposal 4

· The DL gaps should be defined with respect to an absolute subframe number, e.g., SFN 0, subframe 0.

· The DL gap starting point periodicity and DL gap length values are defined in terms of cell-specific valid DL subframes.

· Proposal 5
· For UEs subject to DL gaps, during the DL gaps, it is preferred that the NB-PDCCH and NB-PDSCH transmissions are postponed to the next valid DL subframe.
Proposal 6
· A UE prioritizes monitoring of CSS for random access upon transmission of NB-PRACH when in RRC CONNECTED mode.
Proposal 7
· 2-bits in the DCI can indicate up to three non-zero delay values starting from the first valid UL subframe that occurs at least 8ms after the end of the associated NB-PDCCH.
· The increment in the delay amounts can be configured to the UE via NB-SIB signaling. 

· Consider specifying a default value for the increment in the delay amounts indicated by the DCI.

· The increments can be defined as a function of the scheduled subcarrier spacing value for single tone transmissions and the number of subcarriers assigned.
Proposal 8
· The UE is not required to monitor NB-PDCCH until at least 1ms after the end of the transmission of NB-PUSCH with DL HARQ-ACK feedback.
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