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At GERAN#62, a new feasibility study named Cellular System Support for Ultra Low Complexity and Low Throughput Internet of Things (WI code: FS_IoT_LC)  was approved, see [1]. At GERAN#67, the FS_IoT_LC study item was completed and the TR 45.820 v2.1.0 [4] approved. Among the candidates included in the TR was the NB-LTE candidate solution.
At RAN#70, the narrow band IoT (NB-IoT) work item was revised and approved. Three different operation modes, i.e., standalone, guard-band, and in-band, are supported. Moreover, a unified downlink design with 15 kHz sub-carrier spacing for all three operation modes is defined. For the UL, both single tone and multi-tone operations can be supported [5].
The operation modes of NB-IoT systems can be either indicated during the initial cell search, i.e., by using NB-PSS and/or NB-SSS, or using the master information block (MIB) carried by the PBCH. In this contribution, we compare the possible methods that can be used to indicate the operation modes.
General principles
As discussed in [2], if 100 kHz channel raster is used, for the in-band and guard-band operations, there is a minimum of +/- 2.5 kHz or +/-7.5 kHz frequency offset between the NB-IoT carrier frequency and the 100 kHz grid. These offsets can be included as additional carrier frequency offset (CFO), and handled by the UE during the initial cell search phase. However, there are concerns that such offset can cause performance degradations.
To be more specific, the +/- 2.5 kHz or +/- 7.5 kHz frequency offset caused by the 100 kHz channel raster may introduce sampling frequency offset (SFO) overcompensation. If we assume a carrier frequency of 900 MHz, the sampling error would be in the order of 1 sample per 120,000 samples for the worst case. Therefore, if we assume a sampling frequency of 240 kHz, the sampling error would be 2 samples per second, and if we assume a sampling frequency of 1.92 MHz, the sampling error would be 16 samples per second. In the point of view of the sourcing company, if proper receiver algorithms are used, this might not necessarily cause significant problem for the PBCH decoding, where the operation mode of NB-IoT systems can be indicated. Nevertheless, evaluations should be performed regarding this issue before drawing any conclusions. 
It should be noticed that these offsets are only problems for the very initial cell search when the NB-IoT devices are powered on for the first time. After the NB-IoT devices become aware of the operation mode, these offsets can be either signalled or estimated by the NB-IoT devices. Therefore, during the non-initial cell search or cell re-confirmation, these offsets should have been compensated by the NB-IoT devices. In the really rare case that the network is configured into another operation mode, the NB-IoT devices may need to perform the initial cell search procedure again. 
It is proposed in [3] that NB-SSS can be used to indicate the operation mode. In the email discussions, using MIB carried by PBCH to indicate the operation mode is another preferred solution, as well as using different densities of NB-PSS and/or NB-SSS to indicate operation mode. 
In order to understand the pros and cons of the different operation mode indication methods, in this contribution we outline some comparisons among the possible solutions. 
Observation 1: The frequency offset caused by channel raster has no impact on non-initial cell search or cell re-confirmation. 
Observation 2: The frequency offset caused by channel raster has no impact on the 10 seconds latency requirement for delivering exceptional report as the latency evaluation is based on the scenario that the NB-IoT devices have already obtained system information.
Mode indication by using NB-PSS and/or NB-SSS
Using different NB-PSS and/or density
It is proposed in [7] that for certain in-band and guard-band operations, a higher density of the NB-PSS is used to improve the search cell performance due to lower transmit power compared to the standalone operation. Therefore, if the NB-IoT devices detect denser NB-PSS, it can assume the system is deployed in the in-band and guard-band.
However, the drawback of this method is that for NB-IoT devices in-between normal and extreme coverage, they may obtain synchronization to the network by using both hypotheses. Therefore, they may not correctly detect the operation modes. Moreover, the problem by using this method is that it cannot indicate all possible frequency offset values, i.e., +/- 2.5 kHz and +/- 7.5 kHz. Hence, if it is deemed necessary, the NB-IoT devices still need to hypothesize the frequency offset for PBCH decoding. Another problem is that if in later releases, standalone deployment is used in some low power nodes, e.g., pico or femto cells, we may also need to increase the density of NB-PSS to achieve the coverage extension requirement. If this is the case, the NB-IoT devices may get confused, if no additional info is carried out in the MIB or SIBs. 
Observation 3: Using different NB-PSS densities to indicate operation mode is not sufficient to incorporate all the possible offsets caused by the 100 kHz channel raster. 
[bookmark: _Ref440051746]Using NB-SSS to indicate operation modes
In [3], it is suggested to use NB-SSS to indicate the operation modes. However, no detailed solutions were given. The NB-SSS can either be a single sequence as described in [7], or two sequences as described in [6].  In both solutions, the NB-SSS is used to convey cell ID. As agreed in a working assumption in RAN1#82bis, 504 unique cell IDs are supported by NB-IoT systems. 
If NB-SSS sequences are also used to indicate the operation modes and the offset due to the channel raster, it requires that NB-SSS be partitioned into 5 different groups. Certainly, the number of NB-SSS sequences having good cross correlation properties can be increased by using suitable combinations of the roots and cyclic shifts of the Zadoff-Chu sequences. The draw back here is that using highernumber of NB-SSS sequences increases the NB-SSS detection complexity. As 504 unique cell IDs are assumed, with 5 hypotheses, it results in testing 2520 sequences for NB-SSS detection. 
Observation 4: Using NB-SSS to indicate operation mode is not less complicated than other solutions, as it requires 4 times more sequences to be checked during NB-SSS sequence detection. Moreover, it requires designing 4 times more sequences that can be used for NB-SSS. 
Using different NB-PSS sequences to distinguish the operation modes
This seems to be a sensible solution at a first glance. However, as the complexity of detecting NB-PSS sequence is significantly higher than other operations, this solution is not preferred. In addition, if the channel raster offset is not indicated by the NB-PSS, the NB-IoT devices still need to hypothesize this during the NB-SSS detection or PBCH decoding. 
Observation 5: The use of different NB-PSS sequences to distinguish the operation modes is not a preferred solution as the detection of NB-PSS contributes to the most significant part of device complexity. 

Using NB-PSS and/or NB-SSS positions to distinguish the operation modes and channel raster offset
Another solution is to use the positions of NB-PSS and/or NB-SSS. For example, the positions of the NB-SSS can be used to distinguish the operation modes and the offset of the channel raster is indicated by the positions of the NB-PSS, or vice versa. This can be a preferred solution, if we identify the necessity of indicating the channel raster offset during the synchronization phase. 
Observation 6: If we identify the necessity of indicating the channel raster offset during the synchronization phase, the use of NB-PSS and/or NB-SSS positions to distinguish the operation modes and channel raster offsets is a preferred solution because it comes at negligible cost to device complexity during the detection of NB-PSS.

Mode indication by using MIB
Another preferred solution is to use the MIB to indicate the operation mode. As the NB-PBCH decoding is after initial cell search, NB-IoT devices have already obtained time and frequency synchronization to the network, it knows the position of the NB-PBCH. Furthermore, as the NB-IoT devices only decode the NB-PBCH, the memory and processing power required for NB-PBCH decoding is foreseen to be less than the processing required for NB-PSS.  
For NB-IoT devices in good coverage, the NB-PBCH can be decoded by only using several NB-PBCH subframes within one 80 ms NB-PBCH code sub-block [8]. Therefore, the impact of SFO overcompensation is foreseen to be not very significant. For the NB-IoT devices in bad coverage, if several NB-PBCH code sub-blocks need to be accumulated, it is possible to hypothesize the offsets to decode the NB-PBCH correctly without significantly increasing the complexity.
The complexity of NB-PBCH blind decoding is considered to be acceptable. Take the design in [8] for example. In each 80 ms window, 16 (2 hypotheses for antenna configurations and 8 hypotheses for the 8 different scrambling codes) decoding attempts are needed.   Therefore, for a NB-IoT device, on average it performs one decoding attempt per 5 ms. And this NB-PBCH decoding is likely to be the main (and possibly only) task that the NB-IoT device is performing in this stage. Depending on NB-PDCCH design, the blind decoding complexity of NB-PBCH is likely to be less than that of NB-PDCCH. As far as memory is concerned, the NB-IoT device may separately process (channel estimation and equalization) each code sub-block and thus essentially needs to buffer 8 subframes. This memory requirement is much less than that of PSS processing in cell search and will not be the bottleneck.  
Therefore, compared to using NB-PSS and/or NB-SSS to indicate the operation mode, it seems beneficial to indicate the operation mode by using MIB carried by NB-PBCH. An example of how to indicate of the operation mode by using MIB carried by NB-PBCH is discussed in [9]. 
Proposal 1: Use MIB carried by PBCH to indicate operation mode is a better solution than using NB-PSS and/or NB-SSS to indicate the operation mode. 
Conclusions
Base on the discussions above, we have the following proposal and observations. 
Proposal 1: Use MIB carried by PBCH to indicate operation mode is a better solution than using NB-PSS and/or NB-SSS to indicate the operation mode.
Observation 1: The frequency offset caused by channel raster has no impact on non-initial cell search or cell re-confirmation.
Observation 2: The frequency offset caused by channel raster has no impact on the 10 seconds latency requirement for delivering exceptional report as the latency evaluation is based on the scenario that the NB-IoT devices has already obtained system information.
Observation 3: Using different NB-PSS density to indicate operation mode is not sufficient to incorporate all the possible offsets caused by the 100 kHz channel raster.
Observation 4: Using NB-SSS to indicate operation mode is not less complicated than other solutions, as it requires 4 times more sequences to be checked during NB-SSS sequence detection. Moreover, it requires designing 4 times more sequences that can be used for NB-SSS. 
Observation 5: The use of different NB-PSS sequences to distinguish the operation modes is not a preferred solution as the detection of NB-PSS contributes to most significant part of device complexity.
Observation 6: If we identify the necessity of indicating the channel raster offset during the synchronization phase, the use of NB-PSS and/or NB-SSS positions to distinguish the operation modes and channel raster offsets is a preferred solution because it comes at negligible cost to device complexity during the detection of NB-PSS.
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