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1 Introduction

In this contribution, we share our views on the details of TDM-based multiplexing of DL control and shared channels and simple options to realize support of discontinuous transmissions of NB-PDCCH and NB-PDSCH at the subframe-level granularity.

2 Time-domain resource mapping for NB-PDCCH and NB-PDSCH
Based on prior agreements on details of NB-PDCCH and NB-PDSCH physical structures, 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 (for the case of AL=2) 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, (and to provide further scheduling flexibility) it was agreed that the DCI can indicate dynamically delays in DL scheduling between NB-PDCCH and the scheduled NB-PDSCH [1]:
· DL and UL scheduling delays are indicated in DCI

· number of delay values that can be signalled for the UL scheduling delay is less than the number of values for the DL 

· FFS the number of values and the sets of values. 
We discuss the remaining details on flexible time-domain resource allocation based on flexible time gap between DL control and data in our companion paper [2]. 
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. Another motivation to support time-discontinuous transmissions for NB-PDCCH and NB-PDSCH may be to realize time diversity benefits. 
In the following section, we discuss some options to realize time discontinuous transmissions for NB-PDCCH and NB-PDSCH that differ in terms of scheduling flexibility and signaling overhead considerations.

3 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 this section, we outline two Options to support discontinuous mapping of subframes for NB-PDCCH and NB-PDSCH.

3.1 Discontinuous-in-time mapping of subframes for NB-PDCCH and NB-PDSCH based on UE-specific available subframes

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.
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. 
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.

3.2 Discontinuous-in-time mapping of subframes for NB-PDCCH and NB-PDSCH based on uniform time intervals

For this option, the basic idea to realize discontinuous transmissions is to define time intervals or gaps between the available subframes or available subframe clusters (each subframe cluster comprising of certain number of consecutively occurring subframes) that may be used to transmit the NB-PDCCH or NB-PDSCH.

In this case, each NB-PDCCH candidate or NB-PDSCH transmission follows a pattern comprising of available subframes and the gaps (unavailable subframes) that is uniformly spread. Thus, only the time gap between the two consecutive subframe sets and the length of each subframe cluster needs to be known at the UE to monitor for or receive the NB-PDCCH candidates or NB-PDSCH respectively.

Note that, although in the following we describe this option based on regular occurrence of subframes, assuming that the set of valid DL subframes is indicated in a cell-specific manner, the available subframes and time gaps can be defined in terms of the valid subframes indicated by SIB signaling. Similarly, within each “consecutive-in-time” subframe cluster, the subframes comprising each subframe cluster can be mapped to consecutive valid subframes that may not be strictly contiguous-in-time.
First we consider the case of NB-PDCCH mapping. The repetition time interval Ti of a blind decoding (BD) candidate with certain repetition level Ri, where i defines the respective repetition level, can be signaled as part of search space configuration to the NB-IoT UE, or derived from the signaled repetition time interval Tmin of the smallest repetition level or or Tmax of the largest repetition candidates, respectively. For example, if UE is configured with 4 repetition levels, i.e., R1, R2, R4, R8, four time intervals T1, T2, T4 and T8 can be respectively configured per repetition level accordingly. The time interval Ti can be same or different among different repetition levels. An example with same Ti value for different repetition levels is shown in Figure 1 below.
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Figure 1: Same time interval for all repetition levels.
Alternatively, an example of different Ti values for different repetition levels is the case wherein Ti ≤ Ti+1, for i ≥ 1. Such a repetition level-dependent mapping of time intervals with larger time intervals for candidates with higher repetition levels provides further degree of freedom to optimize the trade-off between resource blocking of large repetition level BD candidate and fast scheduling of small repetition candidate for the UE in good channel condition.   

One challenge with decreasing time intervals between the available subframes for small repetition levels is that such “tight packing” of NB-PDCCH candidates with lower repetitions can result in an increase in the number of BD attempts that the UE may need to perform within the search space. In order to prevent an increase in the number of BD attempts needed within a search space, additional constraints on the starting subframes for the NB-PDCCH candidates can be applied such that, for an NB-PDCCH candidate with repetition level Ri, the starting subframes are limited such that the number of BD attempts for each Ri within the search space is no more than the ratio of number of repetitions for repetition level Ri+1 and Ri. Thus, the UE will be required to decode a candidate with repetition level Ri, every Ri available subframes, but the time gap between the last subframe of a candidate and the first subframe of another candidate at a particular repetition level Ri is larger than that for a higher repetition level Ri+1.
Further, to have better trade-off between UE power consumption, latency, and resource blocking, the combination of continuous and non-continuous transmissions may be beneficial. Specifically, the two-layer discontinuous transmission pattern consists of a number of (valid) subframe clusters, each of which is comprised of n number of continuous (valid) subframes, with time intervals Ti defined between each pair of consecutively occurring subframe clusters. 
As a specific example, Ti can be defined as the time interval between the first subframe in two consecutive clusters, and thus, Ti ≥ n. 

The value of n can be either specified or configured by UE-specific higher layer signaling (e.g., as part of the UE-specific search space (USS)) or via SIB signaling (e.g., for any common search space (CSS) and/or USS). Such a configuration or implementation can be beneficial to allow for data driven frequency tracking and/or symbol level combining at subframe level. A counterpart of the example in Figure 1 is illustrated in Figure 2 with the application of the two-layer discontinuous transmission pattern, wherein each subframe cluster includes two continuous valid (not shown) subframes.

[image: image2.emf]1 1 1 1 1 1 1 1

1 1 2 1 2 1 2

1 3 4 1 2 3 4

1 2 3 4 5 6 7 8

R16: #1 BD

R8: #2 BDs

R4: #4 BDs

R2: #8 BDs

T4 = 16 SFs, 

T8 = 8 SFs,  

T16 = 4 SFs

1 SF

1 2 3 4 5 6 7 8

1 2 2 3 4 1 2 3 4

2 1 2 1 2 1 2 1 2

1 1 1 1 1 1 1 1


Figure 2: Two-layer repetition: continuous inner layer and non-continuous outer layer

Similar schemes may be applied also for NB-PDSCH transmissions to realize discontinuous-in-time resource mapping, wherein the time interval gap for NB-PDSCH is indicated using higher layer signaling or even a combination of higher layer signaling and DCI-based dynamic indication. For example, a number of supported NB-PDSCH time intervals are semi-statically configured using UE-specific radio resource configuration (RRC) signaling. Subsequently, the DCI carrying the DL assignment signals the selected NB-PDSCH time interval gap from the set of supported time intervals to the NB-IoT UE for the currently scheduled NB-PDSCH transmission.
3.3 Summary of the two approaches
Comparing the two approaches discussed above, it can be seen that the first option of UE-specific configuration of available subframes provides the most flexibility at the expense of higher overhead for the configuration of the available subframe bitmap. 
On the other hand, the method based on uniform time intervals to realize the set of available DL subframes for mapping of NB-PDCCH and NB-PDSCH benefits from reduced signaling overhead at the expense of a reduction in the flexibility in user scheduling and handling of blocking, as well as the related impact to UE power consumption and latency. In this regard, the two-layer mechanism based on subframe clusters may provide a reasonable trade-off between UE power consumption, latency, time diversity gains, and resource blocking.
Proposal 1:
· To address user blocking and provide scheduling flexibility, down-select between: 

· support of UE-specific bitmap-based configuration of UE-specific available subframes for NB-PDCCH and NB-PDSCH, and

· support of uniform time intervals between available DL subframes for mapping of NB-PDCCH and NB-PDSCH 
in order to realize discontinuous-in-time resource mapping for NB-PDCCH and NB-PDSCH.
· The down-selection should consider the trade-offs between UE power consumption, latency, time diversity gains, and resource blocking.
4 Conclusions

In this contribution, we presented our views on the details of TDM-based multiplexing of DL control and shared channels and simple options to realize support of discontinuous transmissions of NB-PDCCH and NB-PDSCH at the subframe-level granularity. Based on the presented discussion, our view is summarized by the following proposal:
Proposal 1:

· To address user blocking and provide scheduling flexibility, down-select between: 

· support of UE-specific bitmap-based configuration of UE-specific available subframes for NB-PDCCH and NB-PDSCH, and

· support of uniform time intervals between available DL subframes for mapping of NB-PDCCH and NB-PDSCH 

in order to realize discontinuous-in-time resource mapping for NB-PDCCH and NB-PDSCH.
· The down-selection should consider the trade-offs between UE power consumption, latency, time diversity gains, and resource blocking.
References

[1] Chairman’s notes, RAN1 #84, St. Julian’s, Malta, February 2016.

[2] R1-161891, “Remaining details of NB-IoT timing relationships,” Intel Corporation, RAN1 NB-IoT ad-hoc #2, Sophia Antipolis, France, March 2016.


1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
1
1
2
2
3
3
4
4
1
2
3
4
5
6
7
8
R8: #1 BD
R4: #2 BDs
R2: #4 BDs
R1: #8 BDs
T2 = T4 = T8 = 4 SFs
1 SF



1
1
1
1
1
1
1
1
1
1
2
1
2
1
2
1
3
4
1
2
3
4
1
2
3
4
5
6
7
8
R16: #1 BD
R8: #2 BDs
R4: #4 BDs
R2: #8 BDs
T4 = 16 SFs, T8 = 8 SFs,  T16 = 4 SFs
1 SF
1
2
3
4
5
6
7
8
1
2
2
3
4
1
2
3
4
2
1
2
1
2
1
2
1
2
1
1
1
1
1
1
1
1



