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1 Introduction

At the last RAN Plenary #69 meeting, a new work item (WI) on specification support for Narrowband Internet of Things (NB-IoT) was approved [1] with the objective to introduce 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], namely: 

· 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 numerology options, viz., 15 kHz and 3.75 kHz subcarrier spacing, was 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. 

In this contribution, we present our views on the fundamental physical layer design principles for the downlink of NB-IoT systems.
2 On DL subcarrier spacing for NB-IoT
As per the approved WID, the objectives for the work item include 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 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 2:

· 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
4 Design considerations for NB-IoT data and control channels

At least for the in-band mode of operation, a new reference signal design may be needed to support demodulation of the NB-IoT channels. This is because the legacy LTE network cannot boost the transmit power of the CRS in individual PRBs. Moreover, for legacy operation, power boosting of CRS may be confined to levels that are not beneficial to NB-IoT in-band operation. For example, it may be necessary to boost the NB-IoT channels for in-band operation beyond the limits put forward in TS 36.104 to overcome the reduced transmit power from sharing the power amplifier between the NB-IoT PRBs and the legacy LTE PRBs. This, effectively, means that legacy CRS is transmitted with less power than the NB-IoT REs corresponding to a de-boosting of reference signals used for demodulation and resulting in severe performance degradation.
Moreover, after cell search, the NB-IoT UE is yet unaware of the number of PBCH antenna ports in the legacy LTE network, which is indicated by masking the CRC of the legacy PBCH accordingly. Hence, since NB-IoT UEs cannot decode the legacy PBCH spanning 6 PRBs, they cannot use legacy CRS to demodulate the NB-PBCH and a new reference signal design for NB-IoT is required regardless at least for demodulation of the NB-PBCH. 
From a UE complexity standpoint, it would be beneficial to strive for a single transmission scheme that is applicable to all three modes of operation, that is used to transmit and decode all NB-IoT channels, and that does not depend on the coverage class of a respective NB-IoT UE. 
Proposal 3:

· Strive for a single NB-IoT transmission scheme supporting all NB-IoT channels, modes of operation, and coverage classes
While legacy CRS could be used for the standalone and guard-band mode of operation, as exemplified above, it has significant drawbacks in the case of in-band deployments. In addition, even if legacy CRS was employed for NB-IoT data and control channel demodulation some details would still require additional specification support. Alternatively, legacy DMRS based demodulation could be envisioned for NB-IoT DL control and data. Open loop spatial diversity could be realized via per-RE precoder cycling (as in the case of Rel. 11 distributed EPDCCH transmissions) or via time-domain precoder cycling where the precoder changes every ‘X’ subframes to allow for cross-subframe channel estimation. In addition, if CSI, viz., PMI, feedback is supported and available closed loop beamforming gains could be realized. Similar to the aforementioned solution based on CRS additional specification work would be required to support a DMRS based NB-PBCH. The support of different transmission schemes, e.g., CRS based for PBCH and DMRS based for control and data, while possible, seems not desirable due to complexity considerations for NB-IoT UEs. 
In consideration of the in-band mode of operation, any new single transmission scheme would have to be based on the NB-PBCH transmission scheme with new NB-IoT RS. The latter could be based on the Rel. 8 CRS pattern which naturally allows for cross-subframe channel estimation. An NB-IoT transmission scheme based of CRS, however, would not allow to harness any beamforming gain without PMI feedback by the NB-IoT UE. Alternatively, NB-IoT RS could be similar to legacy DMRS which also allows to harness beamforming gain through PMI feedback. Cross-subframe channel estimation and diversity based transmission schemes can also be introduced or enhanced for DMRS based NB-IoT data/control channel demodulation. 
Proposal 4:

· Study both DMRS-based and CRS-based NB-IoT transmission schemes allowing for cross-subframe channel estimation and transmit diversity schemes
The question of the necessity of CSI feedback for NB-IoT applications is tightly coupled with the above transmission scheme considerations. While CSI feedback would enable better link adaptation, a CRS based design such as for LTE transmission mode 1 and 2 may not require feedback of PMI and even for DMRS based NB-RS feedback of only CQI may be sufficient relying on DMRS based transmit diversity schemes as described above. On the other hand, CSI accuracy in extremely low SNR conditions may be questionable and even for normal coverage the limited UE bandwidth may hamper accurate CSI feedback. Solving this problem may require additional buffering and any additional complexity in supporting CSI measurements and feedback would have to be traded off with the benefits of CSI feedback. 
Proposal 5:

· Further study the need and the details of CSI feedback

For the NB-IoT data channel, cf. NB-PDSCH, several encoders have been evaluated [3]. Considering the generally small payload sizes envisioned for NB-IoT applications it is desirable to use tail-biting convolutional encoding (TBCC) for the NB-PDSCH also in consideration of the fact that a TBCC decoder is required at the NB-IoT UE regardless since TBCC will be used for the NB-PBCH and NB-PDCCH. The need to support both TBCC and turbo encoding would unnecessarily increase the complexity and cost of the NB-IoT UE which is against the underlying objective of the NB-IoT WID to decrease cost and complexity of NB-IoT devices. The TBCC encoder for NB-IoT should be the same as is [2].
Proposal 6:

· Confirm the use of TBCC for the NB-PDSCH as in TS 36.212

In legacy LTE networks, data and control channels are multiplexed within the same subframe. For the LTE PDCCH, time-domain multiplexing of the PDCCH and PDSCH is achieved by indicating the number of OFDM symbols reserved for control channel transmission by the control format indicator (CFI). For the EPDCCH, frequency-domain multiplexing with the PDSCH is achieved by transmitting the EPDCCH on PRB pairs that are semi-statically configured by higher layers. Currently, LTE does not support cross-subframe scheduling and the PDCCH and its associated PDSCH are in the same subframe. 
For NB-IoT transmissions, entire subframes may be allocated to either the NB-PDCCH or NB-PDSCH, especially in the moderate to extreme coverage case. Thus, cross-subframe scheduling becomes inherently necessary. For NB-IoT UEs with normal to excellent coverage conditions, it may still be possible to transmit both PDCCH and PDSCH in the same subframe. For UE complexity considerations, however, our preference would be to not multiplex data and control channels in the same subframe. In fact, it is worth studying if any multiplexing of an NB-PDSCH, either with an unassociated NB-PDCCH or another NB-PDSCH, into the same subframe is necessary at all.
Proposal 7:

· Consider not to multiplex NB-PDSCH and NB-PDCCH transmissions in the same subframe

· Further study the need for multiplexing multiple NB-PDSCH into one subframe
Lastly, in legacy LTE networks, frequency-first mapping is employed in the downlink. Due to the usage of the d.c. subcarrier other RE mapping procedures may be beneficial also in consideration of the usage of TBCC for the NB-PDSCH. It is thus proposed to study NB-PDSCH RE mappings different from frequency-first mapping to alleviate the impact of the d.c. subcarrier. 
Proposal 8:

· Further optimize the RE mapping to alleviate the impact of the d.c. subcarrier on data demodulation
5 Indication of mode of operation 
In order for the NB-IoT UE to protect legacy LTE control channels and signals, it must know the mode of operation of the NB-IoT carrier, namely, in-band, guard-band or standalone. For guard-band and in-band mode of operation, there may not be a need for the UE to distinguish between the two as the main differences stem from whether the eNodeB needs to share the power amplifier between the NB-IoT and legacy LTE networks and whether it needs to employ additional transmit filters to fulfil any spectral masks. From a rate matching and physical channel design standpoint, both in guard-band and standalone deployments, the NB-IoT carrier can use all resource elements within a PRB for mapping of signals and channels to the physical resources. 
Since NB-IoT primary and secondary synchronization signals as well as the NB-IoT broadcast channel can be designed in such a way that they are agnostic to the mode of operation, the question arises which of the two ought to be used to indicate the mode of operation of the NB-IoT carrier. In the case where either PSS or SSS are used for mode of operation indication, UE receiver complexity is inherently affected since PSS/SSS convey information based on defined sequences with the NB-IoT receiver needs to detect. If in addition to the physical cell ID the mode of operation is indicated by different sequences, e.g., by using three PSS sequences for the three modes of operation, the number of hypothesis which the NB-IoT UE needs to detect is increased accordingly resulting in a decrease in battery life and an increase in cell search latency.

If, on the other hand, the mode of operation is indicated by the NB-PBCH, no increase in receiver complexity is expected. Rather, one or two bits in the NB-IoT master information block (MIB) need to be allocated for mode of operation indication; one bit in case guard-band and standalone mode of operation do not require any further distinction, alternatively, two bits can indicate the three modes of operation. 
Lastly, there doesn’t seem to be an inherent need or benefit to use the NB-IoT synchronization signals to indicate the mode of operation and using the PBCH at a later stage, i.e., after completion of the cell search procedure does not present an inherent drawback. It is thus proposed to indicate the mode of operation in the NB-IoT broadcast channel.

Similarly, support of both normal and extended CP would also require two correlations instead of a single one if only normal CP was supported. To further reduce UE complexity, it may be beneficial to not support extended CPs for NB-IoT UEs. 
Proposal 9:

· Indicate the mode of operation in the NB-IoT broadcast channel
· Consider to not support extended CP for NB-IoT 

6 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:

· 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
Proposal 3:

· Strive for a single NB-IoT transmission scheme supporting all NB-IoT channels, modes of operation, and coverage classes
Proposal 4:

· Study both DMRS-based and CRS-based NB-IoT transmission schemes allowing for cross-subframe channel estimation and transmit diversity schemes
Proposal 5:

· Further study the need and the details of CSI feedback

Proposal 6:

· Confirm the use of TBCC for the NB-PDSCH as in TS 36.212

Proposal 7:

· Consider not to multiplex NB-PDSCH and NB-PDCCH transmissions in the same subframe

· Further study the need for multiplexing multiple NB-PDSCH into one subframe
Proposal 8:

· Further optimize the RE mapping to alleviate the impact of the d.c. subcarrier on data demodulation
Proposal 9:

· Indicate the mode of operation in the NB-IoT broadcast channel
· Consider to not support extended CP for NB-IoT 
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