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1
Introduction
In RAN#69 plenary meeting, it was agreed that 3 scenarios needs be supported, 
· “Stand-alone operation” utilizing for example the spectrum currently being used by GERAN systems as a replacement of one or more GSM carriers.

· “Guard band operation” utilizing the unused resource blocks within a LTE carrier’s guard-band.

· “In-band operation” utilizing resource blocks within a normal LTE carrier.

There was also a working assumption attained in RAN1#83, where, 

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

· For operation with 2DL Tx antenna ports, NB-IoT uses SFBC
· Can be revisited at Jan. Adhoc if UE complexity issues are identified.
Based on these agreements and working assumptions, we give our proposals on downlink control channel design for NB-IoT. 
2
Discussion
In order to reduce the standard impact, NB-PDCCH design shall follow the legacy PDCCH/EPDCCH/MPDCCH design as much as possible. The NB-PDCCH design shall consider the transmission scheme, the REG to RE mapping, the search space design and so on. 
2.1
NB-PDCCH transmission scheme

It needs to decide what kind of transmission scheme NB-PDCCH shall follow, PDCCH based transmission scheme (i.e., SFBC) or EPDCCH/MPDCCH based scheme (i.e., random precoding with precoder cycling or closed loop precoding). In order to reduce UE implementation complexity, it might be beneficial to have NB-IoT UEs support as few as possible transmission schemes. Based on that and since as in the RAN1#83 working assumption, for operation with 2DL Tx antenna ports, NB-IoT uses SFBC, NB-PDCCH can take also SFBC as the single transmission scheme. As a result, the common reference symbols are always used as the demodulation reference signal for NB-PDCCH detection.  
Proposal 1: NB-PDCCH uses PDCCH based transmission scheme, i.e., SFBC, and uses CRS for channel estimation.
2.2
NB-PDCCH REG to RE mapping

Correspondingly, the NB-PDCCH REG to RE mapping scheme can follow time first, frequency second mapping principle as in PDCCH. This means that each NB-PDCCH REG consists of 4REs, and 1 NB-PDCCH CCE is constructed by a fixed number of REGs. The EPDCCH/MPDCCH based mapping will not work for SFBC transmission since the REs in each EREG are not frequency consecutive. The NB-PDCCH REG to RE mapping can extend to all the OFDM symbols in each configured PRB. This is different with that in PDCCH, where only the first several OFDM symbols are used for mapping, depending on the PDCCH size indicated in PCFICH. 
One example of NB-PDCCH REG to RE mapping is shown in Figure.1, where time first and frequency second mapping rule are followed for REG to RE mapping in whole OFDM symbols. The 4 port CRS REs are reserved for the mapping and as a result, there are 36 NB-PDCCH REGs included in one PRB. 
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Figure 1. REG to RE mapping for NB-IoT.
Proposal 2: NB-PDCCH uses PDCCH based REG to RE mapping, and extend the REG to RE mapping to all available OFDM symbols in each subframe. 
2.3
NB-PDCCH CCE to REG mapping

In practice, for guard band/standalone scenario, the NB-PDCCH REG to RE mapping is naturally started from the 1st OFDM symbol, while for in-band scenario, the REs in first several OFDM symbols used for legacy control channel are not valid REs for NB-PDCCH transmission. However it is preferred to have unified mapping for all scenarios to reduce the standard impact. In this case, thus it is preferred that 4 CCEs are supported in each subframe but the number of REGs per CCE varies based on the number of reserved OFDM symbols. Thus, the number of REGs per CCE can be given as –

· 0 OFDM symbols reserved: 9 REGs per CCE

· 1 and 2 OFDM symbol reserved: 8 REGs per CCE

· 3 OFDM symbols reserved: 7 REGs per CCE
An example is shown in Figure 2 where 3 OFDM symbols have been reserved. In this case, there are 29 possible REGs within the subframe. However, only 28 REGs will be used in order to have the same number of REGs per CCE and therefore each CCE comprises of 7 REGs. This provides the same number of CCEs per subframe regardless of the number of reserved OFDM symbols. 

Proposal 3: Four CCEs are available per subframe. The number of REGs per CCE varies based on the number of reserved OFDM symbols.
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Figure 2. REG to RE mapping for NB-IoT (3 OFDM symbols reserved).
There are 4 NB-PDCCH CCEs included in one subframe and therefore a specific DCI can be transmitted using maximum AL=4, and can be repeated to multiple subframes if needed. Alternatively, similar as EPDCCH/MPDCCH, the NB-IoT UEs can be configured with multiple PRBs, e.g., {2, 4, 8} PRBs, corresponding to {2, 4, 8} subframes, and one NB-PDCCH CCE can contain REGs from each subframe as shown in Figure 3. 
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Figure 3. REG and CCE mapping across 4 subframes (3 OFDM symbols reserved).
Proposal 4: Two alternatives for NB-PDCCH CCE to REG mapping can be considered, one is mapping in per subframe, the other one is mapping in a configured NB-PDCCH PRB set. 
Figure 4 illustrates NB-PDCCH performance for in-band operation mode with 3 OFDM symbols reserved for LTE control region. In this example, the payload consists of 48-bit DCI and 16-bit CRC. Antenna configuration of 2Tx-1Rx with SFBC is used. Within each subframe, 4 CCEs are available with 7 REGs (or 28 resource elements) per CCE. Convolution coding and QPSK modulation are used.
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Figure 4. NB-PDCCH performance.
2.4
NB-PDCCH Search space

The common search space is mainly used for scheduling paging records and RAR. It was discussed in LTE-M to transmit paging records and RAR without scheduling, in order to reduce the UE complexity during CSS detection. Since NB-IoT targets to achieve even lower UE complexity and power consumption than LTE-M, the NB-PDCCH-less based paging and RAR transmission can be considered. One solution is to have configured limited number of paging records and RAR message in one related NB-PDSCH transmission, so that UE blind detection effort can be reduced. Detailed discussions can be found in [1]

 REF _Ref438968855 \n \h 
[2].
Proposal 5: Common search space is not supported for NB-IoT.
For USS, similar design as in MPDCCH can be reused. A set of NB-PDCCH candidates with {L, R} are defined, where L is the aggregation level within a configured PRB set, and R is the repetition level for each specific L. The PRB set can contain only 1 PRB, in which case the L is configured from {1,2,3,4}, or the PRB set can contain multiple PRBs, e.g., {2,4,8} based on eNB configuration. The configured PRBs are corresponding to {2,4,8} consecutive or non-consecutive subframes. Similarly, the repetition of NB-PDCCH can happen in consecutive or non-consecutive subframes. The starting subframe of NB-PDCCH can be based on eNB signalling or can be implicitly decided. The structure of NB-PDCCH search space can consider to have similar structure as in MPDCCH. 

Proposal 6: The NB-PDCCH USS can consider to reuse the design of MPDCCH USS.
3
Conclusion
We have the following proposals on NB-PDCCH design –
Proposal 1: NB-PDCCH uses PDCCH based transmission scheme, i.e., SFBC, and uses CRS for channel estimation.

Proposal 2: NB-PDCCH uses PDCCH based REG to RE mapping, and extend the REG to RE mapping to all available OFDM symbols in each subframe.
Proposal 3: Four CCEs are available per subframe. The number of REGs per CCE varies based on the number of reserved OFDM symbols.
Proposal 4: Two alternatives for NB-PDCCH CCE to REG mapping can be considered, one is mapping in per subframe, the other one is mapping in a configured NB-PDCCH PRB set.
Proposal 5: Common search space is not supported for NB-IoT.

Proposal 6: The NB-PDCCH USS can consider to reuse the design of MPDCCH USS.
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