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1 Introduction

In the revised WID “Revised WI: NarrowBand IoT (NB-IoT)” ([1]) approved in RAN #70 meeting, downlink numerology was down-selected to:

· OFDMA on the downlink

· 15 kHz sub-carrier spacing for all the modes of operation (with normal or extended CP). 
In RAN1#AH_NB-IoT meeting, the following agreements and working assumption on downlink design were made [2]:
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

· The same DCI size for DL and UL is targeted for all operation modes and all coverage cases

· In in-band, first few OFDM symbols are not used for NB-PDCCH

· FFS CFI is signaled by SIB or MIB or fixed to 3

· In stand-alone and guard-band, all OFDM symbols are assumed to be available for NB-PDCCH

· REG is not defined for NB-PDCCH

· Within CCE resource(s) for NB-PDCCH transmission, a SFBC pair is transmitted consecutively available two REs which is within a OFDM symbol

· REs within SFBC pair can be separated at most one tone

· LTE CRS (if present) is rate matched

· NB-RS  is rate matched

· This has no implication of NB-RS patterns

· FFS: handling of CSI-RS REs
· 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

In this contribution, we discuss NB-PDCCH design including NB-CCE definition, and the search space of NB-PDCCH.
2 NB-CCE definition
In RAN1 NB-IoT ad-hoc meeting, it was agreed that 2 CCEs are defined within a PRB pair and one CCE consists of 6 subcarriers per OFDM symbol in a subframe. So the “CCE” used for NB-PDCCH is no longer the CCE used for PDCCH. NB-CCE is defined and used for NB-PDCCH below. In one subframe, 2 NB-CCE can be FDM based on continuous 6 subcarriers as shown in Figure 1 for in-band operation mode. Adjacent REs can be used for SFBC pair. REs within SFBC pair can be separated at most one tone regardless of V-shift of CRS.
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Figure 1 NB-CCE structure
If 6 subcarriers for one NB-CCE is discontinuous, there may be a few options as shown in Figure 2. In Figure 2(a), one tone intervals are reserved for NB-CCE with 6 subcarriers selected. For the OFDM symbols without reference signals, REs within SFBC pair can be separated at most one tone. While for the OFDM symbols with reference signals, it cannot be ensured at most one tone. In Figure 2(b), REs within SFBC pair can be adjacent and 6 subcarriers for one NB-CCE is discontinuous. In our view, such pattern is quite similar to that of NB-REG. In Figure 2(c), 6 subcarriers for one NB-CCE are continuous and not all OFDM symbols have same subcarriers. Some frequency diversity may be obtained.
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(a)                                                         (b)                                                      (c) 
Figure 2 NB-CCE structure not recommended
The rationale of not supporting NB-REG is its limited frequency diversity gains and processing complexity at UE. Based on the same logic, it is preferred that one NB-CCE consists of 6 consecutive subcarriers in a subframe. 
Proposal 1: One NB-CCE consists of 6 consecutive subcarriers in a subframe is preferable.
3 NB-PDCCH mapping for normal coverage
· Maximum aggregation level
Within a PRB pair, 2 NB-CCEs are defined and aggregation level 1 with 1 NB-CCE and aggregation level 2 with 2 NB-CCEs in one subframe can be supported. To lower the code rate, two options can be considered. One is to support larger aggregation levels, i.e., 4 or more NB-CCEs. The other is to limit AL = 2 NB-CCEs and rely on repetitions. For small size of DCI, considering that coding gain may be less and repetition is also needed with larger aggregation level, repetition of AL= 2 NB-CCEs can be used as common solution for coverage enhancement. For NB-IoT system,  max. AL = 2 would be enough.
· AL = 2 NB-CCE mapping

For AL=2 NB-CCE, considering the limited time diversity gain and reduction of UE processing complexity /wake up time, the two NB-CCEs for the same UE should be in the same subframe. Further, using AL=2 NB-CCE in one subframe is more suitable for TDM with other NB-PDCCH/NB-PDSCH. So for AL=2 NB-CCE, the two NB-CCEs in the same subframe is preferable.
· Repetition with AL=2 NB-CCEs
AL = 2 NB-CCEs can be used with R repetition to span over more resource if needed. To support TDM at subframe level, repetition is only applied for AL= 2 NB-CCEs. AL = 1 NB-CCE is only used for transmission without repetition.
Proposal 2: For NB-PDCCH, the maximum aggregation level is 2 NB-CCE. And for AL=2 NB-CCE, the two NB-CCEs should be in the same subframe.
Proposal 3: Repetition is only applied to the case of AL =2 NB-CCEs.
4 Impact of repetition in coverage enhancement
To achieve MCL=164 dB, about 180~350 ms worth of repetition are expected for NB-PDCCH for stand-alone deployment, and about 1200~1890 ms of repetition for in-band operation mode [3]. And about 18~105 ms of repetition are expected for downlink control channel while about 216~318 ms repetition would be needed for NB-PDSCH for standalone operation mode [3]. If resources are continuously occupied by NB-PDCCH and NB-PDSCH for a UE in enhanced coverage, two main problems would occur.

· Downlink control and traffic of other UEs may be blocked
· UL grant may be blocked
In RAN1 NB-IoT ad-hoc meeting, it was agreed that multiple NB-IoT carriers operation for NB-IoT is supported at least for in-band, guard-band operations. It is unclear whether the blocking issue can be effectively mitigated by multi-PRBs design. Furthermore, stand-alone scenario may contain only one PRB for NB-IoT operation. 
For NB-IoT with only one PRB bandwidth, if resources are continuously occupied by NB-PDCCH and PDSCH for a UE in enhanced coverage, it would cause more serious effect than in the case of eMTC. As shown in Figure 3, traffic of other UEs may be blocked in downlink while resources would be wasted in uplink if UL grant is blocked. 
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Figure 3 Example of continuous mapping of NB-PDCCH and PDSCH in enhanced coverage
To resolve such blocking issue, mapping NB-PDCCH and PDSCH to discontinuous subframes would be helpful. Gaps can be introduced whose lengths can be determined by taking into account DL/UL scheduling interval, in  order not to impact on continuous transmission in normal coverage. Gaps may be defined in a cycle, such as scheduling window. An example of discontinuous mapping based on scheduling window is shown in Figure 4. Scheduling window concept is described in [4]. It is an analogy to the LTE system bandwidth, with the only difference being in time domain scheduling window as shown in Figure 5. Length of scheduling window can be integer multiples of maximum length of UL resource unit, such as 32 ms. Location of NB-PDCCHs would be placed in the beginning part of the scheduling window, followed by NB-PDSCHs. 
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Figure 4 Example of discontinuous mapping of NB-PDCCH and PDSCH in enhanced coverage
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Figure 5 Scheduling window
Observation 1: Discontinuous transmission is beneficial in solving the resource blocking issue
Observation 2: When gaps are used for discontinuous transmission, DL/UL scheduling interval should be considered.
Proposal 4: NB-PDCCH/NB-PDSCH repetition should be discontinuous over multiple scheduling windows for coverage enhancement scenarios. 
5 Search Space
5.1 USS

Similar to USS of Rel-13 eMTC, most design of search space could be reused. 

· Starting subframe

In order to reduce complexity of blind detection, starting subframe could be determined by period and offset configured by eNB, where period is integer multiple of length of scheduling window and offset is selected from a restricted value set.
· Aggregation level

Aggregation level 1 and 2 can be used for normal coverage while only maximum aggregation level 2 is used for medium and extreme coverage. 
· Number of repetitions
Similar to eMTC, Rmax is configured by eNB, and other number of repetitions could be obtained implicitly. 
For normal coverage, the number of repetitions is small and continuous transmission can be considered, such as Rmax = {2, 4}. For extended and extreme coverage, the number of repetitions is large and discontinues transmission can be considered, such as Rmax = {128, 256}. For discontinue transmission, when scheduling window is used, additional signaling of Rw may be needed to indicate the number of repetitions within a scheduling window or across multiple scheduling windows, the other one can be implicitly obtained by Rmax/Rw. The value of Rw is within the set of {1, 2, 4, 8, …} and not larger than Rmax. If Rw is used to indicate the number of repetitions within a scheduling window, it should not be larger than the length of scheduling window and not less than the maximum R (e.g. 4) for normal coverage. The relative subframe offset in each scheduling window is the same. 
Optionally, PRB location configuration for NB-IoT USS may be needed if multiple PRBs are configured for one UE. Most design in Rel-13 eMTC could be reused for NB-IoT. Similar to eMTC, the maximum number of blind detection should not be larger than that for LTE in single subframe.
· Candidate sets

An example of NB-PDCCH region in normal coverage is shown in Figure 6, which can be considered as NB-PDCCH search space. For normal coverage, NB-PDCCH search space with Rmax = 4 may be enough. Since massive devices would be supported for NB-IoT system, for AL = 1 NB-CCE without repetition, more than 1 candidates should be assigned in order to improve resource efficiency. This is similar to the mechanism for candidates of search space with R=1 in Rel-13 eMTC. Also for AL = 2 NB-CCEs with number of repetitions smaller than Rmax, more than 1 candidates could be assigned. Considering that only one size of DCI formats would be monitored for NB-IoT UE, maximum number of blind detection is still less than Rel-8 UE. 
 [image: image8.emf]One NB-CCE

One NB-CCE

One NB-CCE

One NB-CCE

Subframe Subframe Subframe Subframe

{

1,1,8}

{

2,1,4}

{

2,2,2}

{

2,4,1}


Figure 6 NB-PDCCH search space in normal coverage 
For Normal coverage, candidates for NB-PDCCH region/search space can be exampled as below:

{Number of aggregation, Number of the repetitions, Number of BD trials}=[{1,1,8},{2,1,4},{2,2,2},{2,4,1}] 
Proposal 5: For AL = 1 NB-CCE without repetition, more than one candidates should be defined in NB-PDCCH search space for normal coverage.

Proposal 6: For AL = 2 NB-CCEs with number of repetitions smaller than Rmax, more than one candidates with continuous transmission should be defined in NB-PDCCH search space for normal coverage.

· FFS Rmax = 4.

For extended and extreme coverage, TDM at subframe level is used. At least 2 NB-CCEs in one subframe are allocated to one NB-PDCCH and repetition is based on one subframe. Candidates for NB-PDCCH region/search space with Rmax (Rmax is configured by eNB) can be exampled as below:

{Number of aggregation, Number of the repetitions, Number of BD trials} = [{2, R1, 1}, {2, R2, 1}, {2, R3, 1}, {2, R4, 1}]. Considering that low complexity in extreme coverage is preferable, one BD trial for one R value is reused as Rel-13 eMTC.
A search space example for discontinuous transmission based on scheduling window is shown in Figure 7, maximum AL= 2 NB-CCE is assumed. In the case of Rmax = 128 and Rw = 8 (number of repetitions within a scheduling window), 16 times repetition among scheduling windows can be implicitly obtained. Length of a scheduling window is configured by eNB (for example, configured by NB-SIB1). A NB-IoT UE monitors its search space only from the starting subframe. Similar to eMTC, the NB-IoT UE will blindly detect different R (R4 = Rmax, R3 = Rmax/4, R2 = Rmax/4, R1 = Rmax/8). Candidate sets {Number of aggregation, Number of the repetitions, Number of BD trials} are summarized in Table 1.
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Figure 7 Example of discontinue mapping Search Space for NB-PDCCH in enhanced coverage
Table 1 Candidates for blind detection in enhanced coverage
	Search space type
	Candidates

	UE-specific
	[{2, R4, 1}, {2, R3, 1}, {2, R2, 1}, {2, R1, 1}]


Proposal 7: For search space determination of NB-IoT, starting subframe determination for Rel-13 eMTC could be reused, while the number of repetitions needs to be slightly re-defined in order to support discontinuous transmission. 
· Period to determine starting subframe is integer multiple of length of scheduling window and offset is selected from a restricted value set.

· Additional signal for indicate Rw in scheduling window. And R among scheduling windows can be implicitly obtained by Rmax/Rw.
5.2 CSS

Similar to Rel-13 eMTC, CSS should be defined according to different message types. 

For paging, RAN2 has agreed to support paging message for NB-IoT. So NB-PDCCH CSS is necessary at least for paging message. Starting subframe could be determined by paging opportunity (PO). Maximum aggregation level could be always used. Different Cell ID and UE ID may be used to determine PRB location of paging. Number of repetitions is similar to USS, except that it is configured by cell-specific signal. 
For RAR, scheduling based CSS can be taken as the starting point. The starting subframe could be configured by eNB. Aggregation levels are determined by PRACH CE level. The number of repetitions is similar to USS, except that it is configured by cell-specific and PRACH CE level specific signal.  
Similar to USS, scheduling window can also be used for CSS to reduce the potential blocking. The number of blind detections can be defined in the similar way as in eMTC and can take the value of 4. 
Proposal 8: NB-PDCCH CSS is necessary and CSS should be defined according to different message types.
· For CSS of paging, starting subframe is determined by PO, maximum aggregation level are always used, only the number of repetitions needs to be configured by cell-specific signal.

· For CSS of RAR, starting subframe and number of repetitions need be configured by cell-specific and PRACH CE level specific signal.
6 DCI formats
DCI formats for Rel-13 eMTC can be reused as the starting point. For DL grant, the resource allocation fields should be optimized for NB-IoT with some restriction in time domain, i.e., scheduling window [4]. For example, resource allocation unit is one PRB and DL scheduling is based on resource allocation type 2 with PRBs defined only in time domain. For UL grant, resource allocation needs common design to accommodate different resource allocation units defined for single-tone and multi-tone [5]. Details of HARQ-ACK resource indication are in [6]. Details of MCS and RV are in our companion contributions [7, 8].
Length of scheduling window is 32ms (
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 based on the assumption of no more than 6 PRBs for one TB of NB-PDSCH and detailed overhead calculation is similar to the method in [9].
For DCI format N1 for DL grant, the following fields could be included as shown in Table 2.
Table 2 Downlink DCI format
	Bit field
	Number of bits

	Flag format N0/format N1 differentiation  
	1

	Resource block assignment
	8, for 
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	Modulation and coding scheme and RV
	3 

	Repetition number
	3 

	New data indicator
	1 

	HARQ-ACK resource indication
	5 (can be jointly coded with resource block assignment) 

	DCI subframe repetition number
	2

	CRC
	16

	Total
	39


For DCI format N0 for UL grant, the following fields could be included as shown in Table 3:
Table 3 Uplink DCI format
	Bit field
	Number of bits

	Flag format N0/format N1 differentiation 
	1

	Resource block assignment
	11

	Modulation and coding scheme and RV
	3

	Repetition number
	3

	TPC for PUSCH
	2

	New data indicator
	1

	DCI subframe repetition number
	2

	CRC
	16

	Total
	39


Proposal 9: DCL formats can be defined as shown in Table 2 and Table 3.
· For DL resource allocation, size of bit field depends on scheduling window and maximum number of PRBs for one TB of NB-PDSCH.
7 Conclusions

In this contribution, considerations on NB-PDCCH have been discussed. We make the following observations and proposals:
Observation 1: Discontinuous transmission is beneficial in solving the resource blocking issue
Observation 2: When gaps are used for discontinuous transmission, DL/UL scheduling interval should be considered.
Proposal 1: One NB-CCE consists of 6 consecutive subcarriers in a subframe is preferable.
Proposal 2: For NB-PDCCH, the maximum aggregation level is 2 NB-CCE. And for AL=2 NB-CCE, the two NB-CCEs should be in the same subframe.
Proposal 3: Repetition is only applied to the case of AL =2 NB-CCEs.
Proposal 4: NB-PDCCH/NB-PDSCH repetition should be discontinuous over multiple scheduling windows for coverage enhancement scenarios. 

Proposal 5: For AL = 1 NB-CCE without repetition, more than one candidates should be defined in NB-PDCCH search space for normal coverage.

Proposal 6: For AL = 2 NB-CCEs with number of repetitions smaller than Rmax, more than one candidates with continuous transmission should be defined in NB-PDCCH search space for normal coverage.

· FFS Rmax = 4.

Proposal 7: For search space determination of NB-IoT, starting subframe determination for Rel-13 eMTC could be reused, while the number of repetitions needs to be slightly re-defined in order to support discontinuous transmission. 

· Period to determine starting subframe is integer multiple of length of scheduling window and offset is selected from a restricted value set.

· Additional signal for indicate Rw in scheduling window. And R among scheduling windows can be implicitly obtained by Rmax/Rw.
Proposal 8: NB-PDCCH CSS is necessary and CSS should be defined according to different message types.

· For CSS of paging, starting subframe is determined by PO, maximum aggregation level are always used, only the number of repetitions needs to be configured by cell-specific signal.

· For CSS of RAR, starting subframe and number of repetitions need be configured by cell-specific and PRACH CE level specific signal.
Proposal 9: DCL formats can be defined as shown in Table 2 and Table 3.

· For DL resource allocation, size of bit field depends on scheduling window and maximum number of PRBs for one TB of NB-PDSCH.
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