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1 Introduction
3GPP RAN has committed to a first delivery of the next generation radio specifications at the end of Release 15 in June 2018. The agreed scope of this delivery contains e.g. eMBB and URLLC. However, the support of mMTC is not in this scope [1],[2]. The work on eMBB is quickly moving forward, but several discussions have already been started on mMTC and thereto related KPIs and evaluation scenarios. It has for example already been agreed that NB-IoT and eMTC should define a performance benchmark when developing the next generation radio for mMTC [3]. 
As elaborated upon in [4], it’s the view of the sourcing company that the first release of the next generation radio should not only be forward compatible to support mMTC, but also support close coexistence with NB-IoT and eMTC. This will make NB-IoT and eMTC future proof which is of high importance given the expected longevity of MTC/IoT devices. Furthermore, with NB-IoT and eMTC catering for the lower end and mid-range mMTC segments, this will allow 3GPP to shift its focus slightly away from the low complexity segment to develop the next generation radio with the ambition to widen the 3GPP support for the diverse mMTC market. 
In this contribution, we discuss the aspects of achieving close coexistence with NB-IoT and eMTC.
2 Discussion
NB-IoT and eMTC will soon be rolled out in many operator networks. Both are viewed by the operator community as well as the IoT industry as future-proof solutions, intended for continuously serving all deployed IoT devices for at least a decade in the future. It is expected that some of the operators might want to migrate their networks to NR during the lifetime of deployed IoT devices. It is therefore important that there is a migration path for an operator to upgrade its existing NB-IoT/eMTC enabled network to NR while continuing serving the deployed IoT devices.
Observation 1: It is important to ensure a migration path for an operator to upgrade its existing NB-IoT/eMTC enabled network to NR while continuing serving the deployed IoT devices.
To best support such a migration path, it is important to ensure that NR achieves good coexistence with NB-IoT and eMTC.

2.1 Coexistence with NB-IoT
A NB-IoT system contains at least one carrier, the so-called anchor carrier, that spans one LTE PRB. It is narrow in bandwidth (180 kHz), and thus ensuring co-existence with it, from NR perspectives, should not post stringent requirements on the NR system design. One simple solution is to ensure that it is possible to allocate at least one clean slice of 180 kHz on a NR carrier for continuing serving NB-IoT devices, as illustrated in Figure 1. This mode of operation can be thought as NR in-band operation. To achieve this, it is required that the NR common signals, e.g. NR-PSS, NR-SSS, NR-PBCH, etc, are designed to not span, in the frequency dimension, over the entire carrier bandwidth. Another approach is to allow the NR common signals to span the entire NR bandwidth, but collisions between NR common signals and NB-IoT common signals are avoided by properly designing the periodicity and placements of the NR common signals. NB-IoT common signal placements and periodicity are summarized as follows.

· NPBCH: subframe 0 in every 10 ms

· NPSS: subframe 5 in every 10 ms

· NSSS: subframe 9 in every 20 ms

· SIB1-NB: subframe 4 in every 20 ms

Furthermore, the collision between NR common signals and NB-IoT NPDCCH/NPDSCH can be avoided by indicating the NB-IoT subframes overlapped with the NR common signals as invalid subframes. The configuration of invalid subframes can be signalled via SIB1 according to Rel-13 NB-IoT.
In our view, the clean-slice approach is preferred.
Proposal 1: To support the operation of NB-IoT inside an NR carrier, it is preferred that the NR common signals, e.g. NR-PSS, NR-SSS, NR-PBCH, etc, are designed to not span, in the frequency dimension, over the entire carrier bandwidth.
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Figure 1: Allocating a clean-slice of radio resources for continuing serving NB-IoT (in-band mode).
Besides the in-band mode of operation, NB-IoT has been designed to support LTE guard-band and stand-alone operation. Another option is hence to allow the NB-IoT carrier to be placed in the guard band of a NR carrier, or just adjacent to it, as illustrated in Figure 2. 
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Figure 2: Allowing NB-IoT carrier to use the guard-band of an NR carrier (guard-band mode).

Observation 2: NB-IoT supports three modes of operation with respect to an LTE carrier: in-band, guard-band and stand-alone. Similar modes of operation can be defined in a backwards compatible manner to support close co-existence between NB-IoT and NR.

Observation 3: Co-existence between NR and NB-IoT can be enabled by allocating at least one clean 180 kHz slice of NR radio resources for NB-IoT or allowing NB-IoT to use the guard-band of a NR carrier.
With OFDM/SC-FDMA waveforms, if NR and NB-IoT use different subcarrier spacing’s, there will be inter-subcarrier interference between them. Note however that NR is expected to support the use of mixed subcarrier spacing’s within the same NR carrier. Thus, this scenario should already be well addressed by the NR design. To further mitigate such inter-carrier interference, the following solutions might be considered:
· Configure NR to use 15 kHz subcarrier spacing around the NB-IoT slice.

· Allocate an additional guard band between NR and NB-IoT if the subcarrier spacing used in NR around the NB-IoT slice is different than 15 kHz.

· Scheduling coordination between NR and NB-IoT. For example, URLLC traffic is scheduled to use resources away from the NB-IoT slice.

· Interference cancellation on the NR side.

The coexistence performance for the scenario of NR using a subcarrier spacing other than 15 kHz needs to be studied further to understand if additional coexistence principles need to be applied. It should also not be precluded to introduce a flexible numerology also for NB-IoT.
Observation 4: When NR uses different subcarrier spacing than 15 kHz, additional coexistence principles may need to be developed.
It is worth pointing out that NB-IoT is configurable to only use part of the time resources in its PRB. On the anchor carrier this is a semi-static configuration controlled by the NB system information, while its fully flexible on additional so called non-anchor carriers where the resources are only occupied on demand. So on the NB-IoT slices NR could even schedules data channels using the radio resources not utilized by NB-IoT in a dynamic fashion. An example is illustrated in the below figure.
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Figure 3: An example of NR dynamically scheduling data channels on the NB-IoT slice.

Observation 5: NB-IoT is by design configurable to dynamically share a frequency resource, over time, with NR.
2.2 eMTC
The minimum system bandwidth of eMTC is the same as for LTE, i.e. 6 LTE PRBs or 1.08 MHz. A straightforward way for NR to ensure coexistence with eMTC is to be able to create a clean slice of 1.08 MHz in the frequency dimension for continuing serving the eMTC devices. This requires the NR common signals, e.g. NR-PSS, NR-SSS, NR-PBCH, etc, should be designed to not span, in the frequency dimension, over the entire carrier bandwidth and should leave a contiguous 1.08 MHz unused. An example is illustrated in Figure 4.
Another approach is to allow the NR common signals to span over a higher fraction of NR bandwidth, leaving a smaller than 1.08 MHz contiguous bandwidth for accommodating eMTC. In this approach, collisions between NR common signals and eMTC common signals (e.g. PSS, SSS, and PBCH) are avoided by properly designing the periodicity and placements of the NR common signals. 
Collision between NR common signals and eMTC MPDCCH/PDSCH can be avoided by exploiting the following properties of eMTC:

· Downlink or uplink subframes can be indicated as invalid for eMTC. The configuration of invalid subframes (non-BL/CE subframes) can be signalled via SIB1 according to Rel-13 eMTC.

· The LTE control region in the beginning of the LTE downlink subframes is not used by eMTC which means that NR signals can be mapped there. Rel-13 eMTC’s SIB1 indicates whether the starting symbol for eMTC downlink transmissions is in the 2nd, 3rd or 4th symbol, meaning that 1, 2 or 3 symbols in each downlink subframe could be used for NR signals.
Observation 6: To ensure coexistence with eMTC, it is preferred that the NR common signals, e.g. NR-PSS, NR-SSS, NR-PBCH, etc, are designed to not span, in the frequency dimension, over the entire carrier bandwidth and leave at least a contiguous 1.08 MHz unused.
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Figure 4: Allocating a clean-slice of radio resources for continuing serving eMTC devices.

However, certain networks may prefer to configure eMTC as a 5 MHz carrier (i.e. 25 LTE PRBs) as the 5 MHz configuration gives a higher spectral efficiency than the 1.4 MHz configuration (i.e. 6 LTE PRBs). To support this case, it is preferred that the NR common signals, e.g. NR-PSS, NR-SSS, NR-PBCH, etc, are either designed to not span the entire carrier bandwidth but leave a contiguous 4.5 MHz (corresponding to the bandwidth of 25 LTE PRBs) unused, or avoid collision between NR and eMTC by careful mapping of NR and eMTC transmissions in the time and frequency domains.
Regardless whether the eMTC slice is 1.08 MHz or 4.5 MHz, it is thus advantageous to be able to schedule NR data channels using the unused portion of the eMTC slice. An example is illustrated in Figure 5.
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Figure 5: An example of NR dynamically scheduling data channels on the eMTC slice.
The NR carrier bandwidth options are yet to be specified. There might be a NR bandwidth option that is small enough to make it undesirable to design the NR common control channels to leave a 1.08 or 4.5 MHz unused in the frequency domain. If such a case exists, it suffices to design the NR common control channels to avoid the resources used by eMTC PSS, SSS, and PBCH. An example is shown in Figure 6. eMTC PSS, SSS, and PBCH occupy 1.08 MHz bandwidth in the frequency dimension. In the time-dimension, PSS and SSS occupy OFDM symbols #5 and #6, respectively in slot #0 and #10 of every LTE frame, and PBCH may occupy subframes 0 and 9 (except for the first 3 OFDM symbols in a subframe and symbols used by PSS and SSS) in every LTE frame. This leaves plenty of space in the time dimension to place the NR common signals. The eMTC scheduler may avoid putting MPDCCH and PDSCH on the radio resources already used by the NR common signals. Alternatively, NR common signals if overlapped with eMTC MPDCCH and PDSCH may puncture MPDCCH and PDSCH. Furthermore, both NR and eMTC traffic channels can be dynamically multiplexed.
Observation 7: The NR common control channels can be designed to avoid the resources used by eMTC PSS, SSS, and PBCH.
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Figure 6: An example of designing NR common control signals (e.g., NR-PSS, NR-SSS, NR-PBCH) to avoid overlapping resources taken by eMTC PSS, SSS, and PBCH.
3 Conclusions
In this contribution, we discuss the aspects of achieving close coexistence with NB-IoT and eMTC. We illustrate through a number of examples, close coexistence between NR and NB-IoT and eMTC can be achieved.
Observation 1: It is important to ensure a migration path for an operator to upgrade its existing NB-IoT/eMTC enabled network to NR while continuing serving the deployed IoT devices.
Proposal 1: To support the operation of NB-IoT inside an NR carrier, it is preferred that the NR common signals, e.g. NR-PSS, NR-SSS, NR-PBCH, etc, are designed to not span, in the frequency dimension, over the entire carrier bandwidth.

Observation 2: NB-IoT supports three modes of operation with respect to an LTE carrier: in-band, guard-band and stand-alone. Similar modes of operation can be defined in a backwards compatible manner to support close co-existence between NB-IoT and NR.
Observation 3: Co-existence between NR and NB-IoT can be enabled by allocating at least one clean 180 kHz slice of NR radio resources for NB-IoT or allowing NB-IoT to use the guard-band of a NR carrier.

Observation 4: When NR uses different subcarrier spacing than 15 kHz, additional coexistence principles may need to be developed.
Observation 5: NB-IoT is by design configurable to dynamically share a frequency resource, over time, with NR.
Observation 6: To ensure coexistence with eMTC, it is preferred that the NR common signals, e.g. NR-PSS, NR-SSS, NR-PBCH, etc, are designed to not span, in the frequency dimension, over the entire carrier bandwidth and leave at least a contiguous 1.08 MHz unused.

Observation 7: The NR common control channels can be designed to avoid the resources used by eMTC PSS, SSS, and PBCH.
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