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1 Introduction

At the last RAN #70 Plenary meeting, revisions to the work item description for NB-IoT were approved [1]. Accordingly, it was agreed that NB-IoT would use OFDM with 15 kHz subcarrier spacing in the DL and support both single- and multi-tone transmissions in the UL. For single-tone transmissions, both 15 kHz and 3.75 kHz subcarrier spacing values should be configurable, while for multi-tone transmissions, SCFDMA using 15 kHz would be supported.
At the last RAN1 meeting (RAN1 #83), the following was agreed regarding DL physical channels [2]:
· NB-IoT supports a physical downlink control channel, NB-PDCCH

· NB-IoT supports a physical downlink shared channel, NB-PDSCH

Additionally, the following working assumptions were made regarding the transmission schemes and channel coding for DL physical channels supported for NB-IoT [2]:

Working Assumption:

· NB-IoT supports operation with more than one DL tx antenna port

· For operation with 2 DL tx antenna ports, NB-IoT uses SFBC

· Can be revisited at Jan Adhoc if UE complexity issues are identified
· Working assumption: TBCC as in LTE is used for NB-IoT all downlink channels
In this contribution, we present our views on NB-PDCCH design for NB-IoT including aspects on physical structure and transmission scheme, reference signals for NB-PDCCH, construction of the NB-PDCCH candidates and search spaces, multiplexing between different UEs belonging to different coverage classes, configuration of the search space, timing relationship for scheduling of NB-PDSCH, UL HARQ-ACK feedback transmissions, and UE behavior and collision handling related to NB-PDCCH. Our views on NB-PDSCH design are discussed in the companion paper [3].

2 NB-PDCCH Physical Structure 
2.1 Reference signals, transmission scheme, and layer mapping 

For in-band operations CRS boosting is not feasible and hence, NB-IoT-dedicated RS, NB-RS needs to be used with power boosting in order to support UEs in extreme coverage with MCL up to 164 dB. Thus, one option could be to use LTE CRS for basic and extended coverage classes and NB-RS for extreme coverage class. However, this significantly impacts the UE complexity since two different channel estimation algorithms need to be implemented while the primary benefit is a marginal coding gain for the cases of basic and extended coverage from the REs that may otherwise be used to carry NB-RS. Hence, we propose to use NB-RS for demodulation of NB-PDCCH and NB-PDSCH for all operation modes.
Further, for in-band operation, the starting symbol for NB-PDCCH after the LTE PDCCH region can be indicated as part of SI, either in the NB-MIB or via SIB signaling. For stand-alone and guard-band operation modes, starting symbol 0 may be specified for NB-PDCCH transmissions. 
For in-band operation, it is important to utilize the spatial diversity if the eNodeB supports more than 1 AP. Accordingly, we propose to confirm the working assumption that NB-IoT DL supports operation with more than one AP, but to limit the UE complexity from channel estimation efforts of many APs and considering the limited gains going from 2 AP to 4 AP open loop spatial diversity, it is recommended that NB-IoT DL supports no more than 2 APs. Thus, NB-RS supports a maximum of two APs and thus, single AP transmission scheme as defined as part of TM1 is used for single-AP transmissions and 2-Tx SFBC is used for two-AP transmissions of NB-PDCCH.
We further propose to confirm the working assumption from last meeting that all physical DL channels for NB-IoT, and hence, NB-PDCCH as well, use TBCC as defined in 3GPP TS 36.212 for LTE.  

For details of the physical structure and mapping to physical resources, NB-PDCCH uses a structure that is very similar to NB-PDSCH and we refer the reader to our companion paper on NB-PDSCH [3] for further details. 
Proposal 1:
· For Rel-13 NB-IoT, NB-PDCCH uses the following:

· Tail biting convolutional code (TBCC) as defined in 3GPP TS 36.212 for LTE is reused for channel coding;
· Single antenna port (AP) and 2-AP SFBC-based Tx diversity is used for layer mapping for NB-PDCCH;
· NB-PDCCH demodulation is based on NB-RS for all operation modes in consideration of UE complexity;
· The starting symbol for NB-PDCCH (and NB-PDSCH) is indicated either in the NB-MIB or via SIB signaling.
2.2 NB-PDCCH Construction
For the transmission of NB-PDCCH, primarily considering the importance of coverage enhancements and hence, the preferred use of low code rate transmissions and the objective of UE complexity reduction, it is proposed that NB-PDCCH is mapped to an NB-CCE that maps to a PRB-pair. Hence, one NB-CCE corresponds to one PRB-pair. Further, the NB-PDCCH bits are rate matched around the NB-RS REs for stand-alone and guard band modes and are rate-matched around the LTE CRS REs as well as NB-RS REs for in-band operation mode. Subsequently, the modulated symbols are mapped onto the physical resources similar to NB-PDSCH, i.e., using a frequency first, time second mapping. Also, it should be noted that there is no need to map a single NB-CCE across multiple subframes since considering a DCI size to not exceed 60 bits, an NB-CCE mapped to a PRB-pair can accommodate less than the 1/3rd code rate assuming QPSK modulation even in in-band operation mode (at least 100 REs in a subframe assuming 4-AP LTE CRS and 2-AP NB-RS and 3-symbol LTE PDCCH). 
Proposal 2:
· An NB-PDCCH is mapped to a PRB-pair such that one NB-CCE corresponds to one PRB-pair.

· The NB-PDCCH is rate-matched around the LTE CRS REs and NB-RS REs for in-band mode and around NB-RS REs for stand-alone and guard-band modes.

· The modulated symbols are mapped using a frequency-first, time-second manner to the entire PRB-pair.
3 NB-PDCCH Search Space design
TDM-based multiplexing

Following the definition of one NB-CCE mapped to a single PRB-pair, multiple NB-PDCCHs can be multiplexed using TDM. A TDM-based approach facilitates reduced UE power consumption and extended UE battery life as well as reduced device complexity.
Further, aggregation levels (ALs) may be defined only within a subframe and the accumulation of NB-CCEs across multiple subframes may also be referred to using Repetition Levels (RLs). Hence, for the proposed NB-PDCCH structure wherein one NB-CCE corresponds to a PRB-pair, AL = 1 is always used and different NB-PDCCH search space candidates are defined by different RLs, i.e., UEs monitor for different sets of RLs.
It has been proposed to consider FDM of different NB-PDCCH in order to address the blocking issue for transmission of NB-PDCCH and multiplexing of different coverage levels. However, specifying FDM based multiplexing for NB-PDCCH implies the need to define new NB-REGs and NB-CCEs that need to be multiplexed within a PRB-pair, while the benefits of such a design are mainly limited to multiplexing of NB-PDCCH targeting UEs in better coverage condition with NB-PDCCH transmissions targeting UEs in extended or extreme coverage. The multiplexing of different coverage classes can be achieved via TDM and thereby the blocking issue can be addressed. Specifically, for UEs in extended or extreme coverage, the NB-PDCCH could be repeated in non-contiguous subframes such that NB-PDCCH with smaller RLs can be transmitted in between the transmission of an NB-PDCCH using a large number of repetitions. 
Therefore, for a particular UE, its UE-specific search space (USS) is configured via RRC including the maximum repetition level monitored by the UE. For additional flexibility, the NB-PDCCH search space starting subframe can be configured using the SFN, subframe number and a periodicity such that the periodicity of the occurrence of the search space is larger than the maximum repetition level monitored by the UE. Further, a single instance of a search space (“scheduling window”) may be configured within one period of the starting subframe of the search space, similar to the M-PDCCH search space definition used for Rel-13 eMTC. 

Thus, for UEs in different coverage classes, their search spaces can be defined based on the configured maximum repetition level (Rmax), a starting subframe of the USS, and the set of candidates with RLs ≤ Rmax. Within a search space, the number of blind decoding attempts and the memory requirements depend on whether an NB-PDCCH candidate using a smaller RL can start during the monitoring duration of a candidate using a larger RL. In other words, whether there can be overlaps between two NB-PDCCH candidates. While it may be possible to design the search space such that the NB-PDCCH candidates do not overlap, for UEs in basic coverage, it may be possible to support the additional complexity from handling of overlapping candidates as long as the number of different RLs supported are limited to a small value and there is a small variation between the RLs defining the NB-PDCCH candidates in the search space. 
Proposal 3:
· TDM-based multiplexing is used for multiplexing different NB-PDCCHs and for multiplexing of different coverage classes.

· The NB-PDCCH candidates are defined in terms of their repetition levels only.

· In order to alleviate the blocking issue, the repetitions of the NB-PDCCH for UEs in extended or extreme coverage may be mapped onto non-consecutive valid subframes.
· It is preferred that NB-PDCCH for UEs in basic coverage are mapped to consecutive subframes.
Cross-subframe scheduling and timing relationship between NB-PDCCH and NB-PDSCH

As a consequence of the NB-CCE definition and NB-PDCCH construction, NB-PDCCH and NB-PDSCH would also need to be multiplexed using TDM. Thus, NB-PDSCH is scheduled by NB-PDCCH via cross-subframe scheduling – i.e., the first subframe of the scheduled NB-PDSCH at subframe #(n+k) if the last subframe of the NB-PDCCH is mapped to subframe #n. In order to minimize UE complexity, a fixed value of ‘k’ should be the baseline. Dynamic indication of the value of ‘k’ via the scheduling DCI such that k ≥ 2 can be FFS. This guarantees sufficient time for the UE to decode the NB-PDCCH and determine the starting subframe of the scheduled NB-PDSCH. 
If dynamic cross-PRB scheduling is supported, then the same cross-subframe scheduling framework can be used to indicate NB-PDSCH scheduled in a PRB that is different from the PRB that the UE monitors NB-PDCCH on. 
Proposal 4:
· FDM between NB-PDCCH and its associated or an unassociated NB-PDSCH is not supported.

· Cross-subframe scheduling is used for NB-PDCCH
4 UL HARQ-ACK feedback

Similar to Rel-13 eMTC, NB-IoT UEs do not support a PHICH to receive the UL HARQ-ACK feedback in response to the NB-PUSCH transmissions. Thus, it is proposed to re-use the Rel-13 eMTC design and support UL HARQ-ACK feedback using DCI transmitted via the NB-PDCCH.

Proposal 5:

· UL HARQ-ACK feedback is asynchronous and transmitted using a DCI transmitted via the NB-PDCCH.
5 NB-PDCCH and NB-PDSCH collisions
In general, collisions between NB-PDCCH and NB-PDSCH can be avoided via proper eNodeB scheduling. Since the scheduler is already aware of the assigned NB-PDSCH, it can avoid transmission of NB-PDCCH to schedule new NB-PDSCH or even UL grants. Considering that NB-IoT UEs are expected to only support half-duplex mode of operation, the eNodeB scheduler should ideally avoid scheduling an NB-PDSCH in the DL until the UL HARQ-ACK is transmitted to the UE or at least avoid transmission of the UL HARQ-ACK feedback using NB-PDCCH in subframes assigned to the UE for NB-PDSCH reception. Hence, to simplify UE behavior, it is proposed that if a UE is expected to receive NB-PDSCH, it does not monitor for NB-PDCCH transmissions during the subframes assigned for NB-PDSCH transmission.
Proposal 6:

· Rely on eNodeB scheduling to avoid collisions between NB-PDCCH and NB-PDSCH transmitted to the same UE.
· An NB-IoT UE does not monitor NB-PDCCH candidates in subframes that it is scheduled to receive NB-PDSCH in.

6 Conclusion

In this contribution, we presented our views on the design of NB-PDCCH including aspects on physical structure and transmission scheme, reference signals for NB-PDCCH, construction of the NB-PDCCH candidates and search spaces, multiplexing between different UEs belonging to different coverage classes, configuration of the search space, timing relationship for scheduling of NB-PDSCH, UL HARQ-ACK feedback transmissions, and UE behavior and collision handling related to NB-PDCCH. Based on the discussion presented, we summarize our views using the following proposals:
Proposal 1:
· For Rel-13 NB-IoT, NB-PDCCH uses the following:

· Tail biting convolutional code (TBCC) as defined in 3GPP TS 36.212 for LTE is reused for channel coding;

· Single antenna port (AP) and 2-AP SFBC-based Tx diversity is used for layer mapping for NB-PDCCH;

· NB-PDCCH demodulation is based on NB-RS for all operation modes in consideration of UE complexity;

· The starting symbol for NB-PDCCH (and NB-PDSCH) is indicated either in the NB-MIB or via SIB signaling.

Proposal 2:
· An NB-PDCCH is mapped to a PRB-pair such that one NB-CCE corresponds to one PRB-pair.

· The NB-PDCCH is rate-matched around the LTE CRS REs and NB-RS REs for in-band mode and around NB-RS REs for stand-alone and guard-band modes.

· The modulated symbols are mapped using a frequency-first, time-second manner to the entire PRB-pair.
Proposal 3:
· TDM-based multiplexing is used for multiplexing different NB-PDCCHs and for multiplexing of different coverage classes.

· The NB-PDCCH candidates are defined in terms of their repetition levels only.

· In order to alleviate the blocking issue, the repetitions of the NB-PDCCH for UEs in extended or extreme coverage may be mapped onto non-consecutive valid subframes.

· It is preferred that NB-PDCCH for UEs in basic coverage are mapped to consecutive subframes.
Proposal 4:
· FDM between NB-PDCCH and its associated or an unassociated NB-PDSCH is not supported.

· Cross-subframe scheduling is used for NB-PDCCH

Proposal 5:

· UL HARQ-ACK feedback is asynchronous and transmitted using a DCI transmitted via the NB-PDCCH.
Proposal 6:

· Rely on eNodeB scheduling to avoid collisions between NB-PDCCH and NB-PDSCH transmitted to the same UE.
· An NB-IoT UE does not monitor NB-PDCCH candidates in subframes that it is scheduled to receive NB-PDSCH in.
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