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1 Introduction

At the RAN #69 meeting, a new work item (WI) on specification support for Narrowband Internet of Things (NB-IoT) was approved [1] with the objective of supporting low complexity devices that support 180 kHz UE RF bandwidth, operating delay tolerant traffic, having low data throughput requirements, and supporting significantly long battery life. It was also agreed to support three modes of operation [1]: 

· Mode 1: NB-IoT as a stand-alone deployment, e.g., by reusing one or more GSM carriers; 

· Mode 2: NB-IoT deployed in the guard-band of an LTE carrier; and 

· Mode 3: NB-IoT deployed in-band within a regular LTE deployment. 

OFDMA based DL with two numerologies (15 kHz with normal or extended CP and 3.75 kHz) were identified for further study for possible down-selection or inclusion of both based on the feasibility of meeting the relevant requirements while achieving maximal commonality. 

For the UL of NB-IoT, FDMA with GMSK modulation (as described in 3GPP TR 45.820 section 7.3), and SC-FDMA (including single-tone transmission as a special case of SC-FDMA) were agreed to be studied further with possible down-selection or inclusion of both.

In this contribution, we present our views on the fundamental physical layer design principles for NB-IoT system including considerations on DL subcarrier spacing, UL waveform, and our views of possible options for NB-IoT system operation for in-band deployments.
2 On DL subcarrier spacing for NB-IoT
As per the approved WID, the objectives for the work item includes support of NB-IoT deployments in all three modes of operation listed above.

Considering the need to support the various deployment modes and other aspects like low complexity targets for NB-IoT UEs, we share our views on the preferred option for DL subcarrier spacing for NB-IoT.
2.1 The need to support 15 kHz subcarrier spacing for NB-IoT
For support of the in-band deployment mode, wherein NB-IoT PRB(s) may be deployed in-band of a normal LTE deployment, it is important that the subcarrier spacing of 15 kHz is supported to ensure efficient coexistence between the two systems. One of the reasons is the need to avoid any impact to transmission of wideband LTE signals and physical channels like PDCCH, PCFICH, PHICH, and LTE CRS. Thus, to align with LTE transmissions on the DL, it is crucial to maintain the same subcarrier spacing of 15 kHz as used for LTE downlink transmissions. 
An alternative could be to restrict NB-IoT operation to MBSFN subframes such that within a subframe the NB-IoT DL transmissions occupy the part of the subframe corresponding to the non-legacy DL control region (e.g., after the first 3 OFDM symbols of an MBSFN subframe). However, this imposes serious restrictions and complications to the scheduling for both NB-IoT and LTE. Further, such a design would require configuration of MBSFN subframes that may be significantly more frequent than necessary for the legacy LTE deployment. Additionally, since the symbol duration of NB-IoT with 3.75 kHz would be four times that of an LTE OFDM symbol it would be necessary to align at least the NB-IoT symbol boundary and the LTE MBSFN subframe boundary, the physical layer design for NB-IoT would need to be overly complicated and directly in opposition to one of the basic tenets of this WI of supporting the objective of low device complexity. Furthermore, guard bands and guard periods would need to be factored in to maintain orthogonality with LTE transmissions, thereby further decreasing the system resource efficiency from increased overhead.
2.2 Support of different subcarrier spacing for different modes
As mentioned in Section 1, support of different subcarrier spacing for different modes of operation for NB-IoT is also being considered. This approach implies that while we specify NB-IoT operation with DL subcarrier spacing of 15 kHz for in-band deployments, NB-IoT subcarrier spacing is changed to 3.75 kHz for stand-alone and guard-band deployments. While this may allow for solutions that may be designed to optimize the DL physical layer numerology depending on the deployment mode, such optimizations can lead to significantly increased device complexity for NB-IoT UEs in order to support the three modes of operation. The benefits may not be worth the increased device complexity, especially due to the importance of the ability to support extremely low complexity device implementation for the success of the NB-IoT technology. 
Specifically, even if a single synchronization signal design is adopted, a NB-IoT UE would still need to support different physical layer parameters corresponding to the two subcarrier spacing options (e.g., CP lengths, symbol/slot/subframe duration, scheduling granularity in both time and frequency, etc.). Moreover, the physical channel designs for control and data channels and their mapping to physical resources can be expected to be quite different for the two subcarrier spacing options. 

One of the benefits of the 3.75 kHz subcarrier spacing in the DL is in terms of satisfying the GSM power spectral density mask for DL transmissions. This is due to the four times larger number of subcarriers in the DL for the 3.75 kHz subcarrier spacing compared to that for 15 kHz subcarrier spacing option which naturally limits the maximum power spectral density for DL transmissions for the small subcarrier spacing alternative. However, with application of appropriate TX filtering to the transmitted signal in the DL, it is possible to meet the requirements of the GSM spectral mask at the expense of a marginal increase in the EVM of the transmitted signal that may not have a significant impact considering typical use of lower order modulations, e.g., QPSK or its variants.
In terms of the relaxed requirements for synchronization in the DL for NB-IoT with a smaller subcarrier spacing, it is worth mentioning that while a 3.75 kHz subcarrier spacing offers a potentially longer cyclic prefix (CP) thereby reducing the demands on synchronization accuracy, the benefits of this relaxation may not be realizable in terms of actual device implementation. The reason for this is that, as discussed in Section 2.1, the NB-IoT UE would need to satisfy the synchronization accuracy requirements for the case of in-band deployments with 15 kHz subcarrier spacing. Additionally, for in-band deployments, the maximum transmission power available to NB-IoT PRB(s) would be typically lower than their corresponding stand-alone and guard band counterparts due to the power sharing between the legacy LTE and NB-IoT transmissions. Hence, in terms of synchronization time and accuracy, a NB-IoT UE would anyway need to satisfy the more stringent requirement, thereby defeating any meaningful benefit in terms of UE implementation that a smaller subcarrier spacing in stand-alone or guard-band deployments may offer.
Considering the discussions presented above, we summarize our view through the following proposal.

Proposal 1:

· A common subcarrier spacing of 15 kHz should be adopted for the DL of NB-IoT systems for all three modes of deployment.

3 On UL waveform for NB-IoT
Currently, there exist two choices for the UL waveform for NB-IoT systems:
· FDMA with GMSK modulation;
· SC-FDMA with support of single-subcarrier transmission as a special case of SC-FDMA.
Between these two options, one of the primary advantages of the option of SC-FDMA based UL is its commonality with the existing LTE UL design. This, in our view, can significantly help enable reuse of design elements from LTE not only for physical channels and signals but also for higher layer procedures like random access, etc. 
In order to optimize the performance and implementation demands considering the nature of typical cellular IoT applications and their requirements, viz., high user capacity, significant improvements to UL coverage, and relaxed requirements on synchronization, the subcarrier spacing for UL SC-FDMA may be adapted from the LTE value of 15 kHz to a smaller value of 2.5 kHz or 3 kHz. Compared to the considerations presented in Section 2.1, for UL, a subcarrier spacing different from that used for LTE UL can be supported relatively straightforwardly with the appropriate use of guard bands between the LTE and the NB-IoT PRBs. 
A smaller subcarrier spacing for the UL facilitates finer frequency domain scheduling granularity that can be beneficial towards supporting a massive number of IoT devices with UL predominant traffic characteristics. Further, it also allows for a high transmission power spectral density and lower noise bandwidth for UEs in extreme coverage conditions that may be scheduled with UL transmission on a single 2.5 kHz- or 3 kHz-wide subcarrier as a special case of SC-FDMA.  Finally, a smaller subcarrier spacing leads to a longer symbol and CP duration, thereby enabling relaxed requirements on the timing synchronization accuracy on the UL, which can be very beneficial for UEs in poor coverage conditions. A relaxation on the UL synchronization accuracy implies relaxed requirements for the UL time of arrival estimation at the base station, thereby enabling PRACH preamble design with narrower PRACH bandwidth (in turn facilitating support of a PRACH design with reduced PAPR), and more robustness and increased margin for maintaining the UL synchronization state – thereby reducing the frequency at which a NB-IoT UE with relatively inexpensive XTAL may need to re-establish UL synchronization.
One concern for the SC-FDMA waveform option compared to the option of FDMA with GMSK is the higher PAPR for SC-FDMA. A higher PAPR amounts to a larger power amplifier (PA) backoff thereby adversely affecting the UL coverage performance. However, the support of UL transmissions using a single subcarrier allocation and power efficient modulation schemes like phase rotated PSK, e.g., pi/2-BPSK, pi/4-QPSK, can achieve an effective PAPR very close to 0 dB. Such UL allocations can be used for the UEs requiring large amount of coverage enhancement, while for UEs in better radio conditions, that can be expected to be relatively less sensitive to the slightly higher PAPR of SC-FDMA, UL allocations with multiple subcarriers may be used for spectrally efficient operation. 
In this regard, comparing to the option of FDMA with GMSK modulation (with the possibility of channel bonding), the option of SC-FDMA with the support of single-tone transmissions can also provide a reasonable level of flexibility in realizing the tradeoff between spectral efficiency and power efficiency that can be beneficial not only for device power consumption (e.g., more spectrally efficient transmission when in good channel conditions) but also for the overall resource utilization at the system-level. Additionally, various other PAPR reduction techniques may be considered further to provide UL transmission schemes with very low PAPR. 
Further, in terms of spectral efficiency, SC-FDMA with the CP ratio similar to that in LTE of 6.7% has a much lower overhead compared to the overhead (25%) that needs to be factored in for FDMA option with 5 kHz channel spacing and 3.75 kHz symbol rate in order to maintain orthogonality between neighboring subcarriers.
Proposal 2:
· Support the option of SC-FDMA with single-subcarrier transmission as a special case of SC-FDMA as the UL waveform for NB-IoT.

· Further consider the support of SC-FDMA with smaller subcarrier spacing of 2.5 kHz or 3 kHz for NB-IoT UL.
4 System operation for in-band NB-IoT deployments

In this section, we present a brief overview of the overall system design and operation for NB-IoT deployments considering in-band deployments. As is evident, a NB-IoT deployment can be realized using the minimum of a single LTE PRB in the DL and the UL. Further, to minimize impact to legacy LTE UEs and simplify the coexistence considerations, it would be desirable if, in the DL, the NB-IoT PRBs are not those from the central six PRBs of the LTE system bandwidth. 

Additionally, multiple PRBs from within the larger LTE system bandwidth can be used for both DL and UL to support a large number of NB-IoT UEs in the system and also to support frequency hopping between different narrowbands for transmissions spanning multiple DL or UL subframes – either when a transport block is coded across multiple subframes or is repeated over multiple subframes. Frequency hopping is an effective technique to provide the much needed diversity for narrowband transmissions like those for NB-IoT. For DL transmissions in NB-IoT with in-band deployments, application of frequency hopping across narrowbands can help in compensating for the reduced transmission power for NB-IoT due to power sharing with legacy LTE, thereby help reduce the performance gap between in-band and stand-alone or guard-band deployments. Further, for in-band NB-IoT deployments with multiple narrowbands, one or more NB-IoT PRBs can be used to carry the synchronization, broadcast, and system information and/or other common control messages to NB-IoT UEs, while other PRB(s) may be used for traffic scheduling. Such allocations may even be adapted according to the relative loading on the LTE system and the NB-IoT system, and considering in-band deployments, it is reasonable to expect some form of coordination (at least at a semi-static/long term time-scale) between the schedulers of LTE and NB-IoT.
Proposal 3:

· Consider support of multiple PRBs for NB-IoT for both DL and UL for in-band deployments with support of frequency hopping between the configured NB-IoT narrowbands to exploit frequency diversity and enable efficient handling of user capacity for NB-IoT systems.

5 Conclusion

In this contribution, we presented our views on the basic physical layer design options for NB-IoT and on system design and operation of NB-IoT for in-band deployments, especially in consideration of the reduced transmission power available for NB-IoT DL for in-band mode. Based on the discussion presented, we summarize our views through the following proposals:
Proposal 1:

· A common subcarrier spacing of 15 kHz should be adopted for the DL of NB-IoT systems for all three modes of deployment.

Proposal 2:

· Support the option of SC-FDMA with single-subcarrier transmission as a special case of SC-FDMA as the UL waveform for NB-IoT.

· Further consider the support of SC-FDMA with smaller subcarrier spacing of 2.5 kHz or 3 kHz for NB-IoT UL.

Proposal 3:

· Consider support of multiple PRBs for NB-IoT for both DL and UL for in-band deployments with support of frequency hopping between the configured NB-IoT narrowbands to exploit frequency diversity and enable efficient handling of user capacity for NB-IoT systems.
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