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Discussion and Decision
1 Introduction

In Rel-16, it was agreed to study NR and LTE specifications to identify possible issues related to coexistence of NB-IoT with NR. In RAN1#94, no issues were identified from RAN1 perspective that would prevent the coexistence of NR and NB-IoT. In RAN1#94bis, the following aspects were agreed to be studied to improve coexistence –
· Resource reservation in NB-IoT

· Overlap of NR SSB with NB-IoT

In this contribution, we discuss coexistence improvements.
2 Resource Reservation in NB-IoT
In NR, reserved resource can be used to reserve time and frequency resource for deployment of NB-IoT. This is done using RB-level bitmap in the frequency domain and symbol-level bitmap in the time-domain with repetition pattern. When there is no NB-IoT transmission, a significant of the NB-IoT time-frequency resources can be made available to NR. This allows gNB scheduler to dynamically take advantage of unused NB-IoT resource and support efficient coexistence of NB-IoT and NR.
Reserved resource allows the gNB to take advantage of NB-IoT time-frequency resources. Typically, NR eMBB and URLLC traffic has higher priority than mMTC traffic. In this case, some NB-IoT subframes may be pre-reserved for NR traffic or to support certain NR features such as dynamic TDD or URLLC. In NB-IoT, this can be handled using invalid subframe bitmap. Marking NB-IoT subframes as invalid, however, will reduce NB-IoT efficiency. 
In many cases, NR transmission do not occupy the whole NB-IoT subframe, especially if NR is deployed using higher sub-carrier spacing. Several examples include –

SSB Overlap
For smaller system bandwidth, it may not be possible to avoid overlapping of NB-IoT carrier(s) with the SSB, especially for non-anchor carriers. However, SSB only occupies a portion of the NB-IoT subframe. In addition, with higher sub-carrier spacing, the SSB occupies even less of the NB-IoT subframe.
URLLC / Mini-slot scheduling
For URLLC, the gNB would typically use 30 kHz subcarrier spacing or higher. At 30 kHz subcarrier spacing, each NR slot would occupy 0.5ms. In FDD, URLLC traffic may occupy a large bandwidth, thereby taking up NB-IoT PRBs. In addition, mini-slot scheduling using 2, 4, or 7 symbols may be used. If there is no further NR transmission, then the NB-IoT may be wasted as shown in Figure 1. Furthermore, in a TDD system, an NR slot may be defined such that both DL and UL portions are contained within the same (e.g. DL for PDSCH and UL for PUCCH). In this case, an entire  NB-IoT subframe would have to be reserved and all symbols wasted.
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Figure 1. URLLC transmission overlapping with NB-IoT carriers.

Dynamic TDD

For NR, dynamic TDD is a key feature. However, NB-IoT can only support LTE UL-DL TDD configurations which can only be changed in a semi-static basis. This would either restrict how NR TDD can be deployed or very large guard-bands would be required to minimize UL/DL interference. Both approaches will reduce NR system performance. To support dynamic TDD for NR, invalid subframe bitmap can be used to mark certain NB-IoT subframes as invalid and thereby restrict the subframes that can be used by NB-IoT to a limited set. These invalid subframes can then be used in a dynamic basis by NR. 

In all these cases, invalid subframe bitmap can be used by legacy UEs to avoid NR transmissions. However, as noted in the discussion above, NR transmissions may not occupy the entire NB-IoT subframe, so NB-IoT resource is wasted.
Observation 1: Invalid subframe bitmap can be used by legacy UEs to avoid NR transmissions. However, NR transmissions may not occupy the entire NB-IoT subframe.
As discussed, marking NB-IoT subframes as invalid, however, will reduce NB-IoT efficiency as the entire subframe is lost. To minimize this loss, Rel-16 NB-IoT UE can be allowed to use the available symbols on these subframes as well. For example, a second bitmap can be used to mark subframes indicated as invalid in the first bitmap that can be used for Rel-16 IoT UE. Then symbol-level slot format indicator or reserved resource can be defined to allow Rel-16 IoT UE to use the invalid subframes. An example of this is shown in Figure 2 where NR introduces a subframe with DL followed by 1 symbol of uplink. For NB-IoT, the network can mark that subframe as invalid for legacy UE, while for Rel-16 UE the subframe can be used with symbol-level slot format indicator or reserved resource.
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Figure 2. NB-IoT reserved resource / slot format indicator.

Note that dynamic TDD operation for NB-IoT can be on a subframe or symbol basis. Sub-frame level operation can easily be supported with minimal changes. However, symbol-level operation is not defined for NB-IoT so this must be introduced. However, it can also be done in a simple manner. For instance, the subframe can follow special subframe configuration defined in LTE which UE already know how to handle. Or these symbols may only be used as part of a repetition where symbols from previous subframes are repeated. Or the subframe can be constructed as before and unavailable symbols can be punctured out.

Observation 2: NB-IoT reserved resource (e.g. symbol-level reservation, slot format indicator) can be used to allow NB-IoT transmission in a portion of the subframe.
3 Overlap of NR SSB with NB-IoT
Generally, NB-IoT carrier placement would be done such that overlap with NR is avoided or minimized. This can limit the potential frequency locations that can be used for NB-IoT. For example, it is not expected that NB-IoT will overlap in time-frequency with NR SSB. While this does place some restrictions on NB-IoT, it is not expected to be a major issue.

Nonetheless, it is noted that slight modification can be made to NR to support NB-IoT deployment within NR SSB bandwidth. For example, the SSB location for 15 kHz SCS for below 3 GHz scenario is 2,8 in SF0 and 2,8 in SF2 for every 5 radio frames. If NB-IoT anchor carrier is placed within the SSB bandwidth for this configuration, NB-IoT PBCH in SF1 will collide with first 2 positions of SSB transmissions. To allow the NB-IoT PRB placement within SSB bandwidth, the SSB transmission on SF1 should be avoided. This is illustrated in Figure 3.
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Figure 3. Example of modification to NR to support NB-IoT deployment within NR SSB bandwidth.
In the same way, it is possible to configure the NB-IoT anchor/ non-anchor carrier colliding with the PRB used for NR-PDCCH. This configuration allows NR-PDCCH to use continuous PRBs without gap configuration. In such cases, the NB-IoT standalone mode configuration should have additional information to exclude the OFDM symbols of NR-PDCCH. NB-MIB can carry the additional information within the bits available for standalone mode for this purpose. Note that only Rel-16 and beyond UE will be able to access this carrier.

Observation 3: NB-IoT reserved resource can be used to exclude the OFDM symbols of SSB and NR-PDCCH.
4 Other Potential Enhancements

NB-IoT carrier placement
When the NB-IoT carrier is deployed in-band within a bandwidth part (BWP) of an NR carrier, however, there are potential inefficiencies when the numerology of the BWP does not match that of NB-IoT LTE. In particular, the size of the PRB is larger than that of LTE when the sub-carrier spacing (SCS) is larger (the SCS can be as high as 60 kHz in sub-6-GHz deployments). A large SCS corresponds to a larger PRB and, therefore, the NB-IoT carrier occupies a bandwidth that is smaller than the NR PRB. Here the placement of the NB-IoT carrier or the NR carrier needs to be carefully considered. Furthermore, considering the mismatched FFT grids between the NB-IoT carrier and the NR carrier, matching channel raster is not alone enough as improper placement of the NB-IoT carrier may create mutual interference. This would require a larger guard-band between the NB-IoT carrier and the adjacent NR PRB and would lead to wastage of spectrum. 

Figure 4 shows deployment of NB-IoT carrier within a single PRB of an NR carrier of 30 kHz SCS. If the NB-IoT carrier can be selectively placed close to the center of the NR PRB, it may be that only 1 NR PRB would be required to support NB-IoT carrier.
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Figure 4. Deployment of NB-IoT carrier within a single PRB of an NR carrier of 30 kHz SCS.

To support this scenario, an NB-IoT carrier can be deployed within a single blank NR PRB that is wider than 180 kHz with a guard band between the NB-IoT carrier and adjacent NR PRBs and at frequencies that are within a specified offset relative to the NB-IoT channel raster. This might require an NR carrier to be deployed on the channel raster, or a BWP to be defined, to accommodate an existing NB-IoT carrier within a single blank NR PRB such that there is a sufficient guard band between the NB-IoT carrier and the adjacent NR PRBs if the PRBs are wider than 180 kHz. Finally, a partial PRB of one of the specified sizes can be configured for allocation to NR UEs adjacent to the NB-IoT carrier such that there is a guard band between the NB-IoT carrier and the partial PRB.
Observation 4: The NR PRB for placement of the NB-IoT carrier may be selected to allow for adequate guard bands and optimally use any excess guard band.

5 Conclusions

In this contribution, we consider coexistence of NB-IoT with NR and make the following observations and proposal –
Observation 1: Invalid subframe bitmap can be used by legacy UEs to avoid NR transmissions. However, NR transmissions may not occupy the entire NB-IoT subframe.

Observation 2: NB-IoT reserved resource (e.g. symbol-level reservation, slot format indicator) can be used to allow NB-IoT transmission in a portion of the subframe.
Observation 3: NB-IoT reserved resource can be used to exclude the OFDM symbols of SSB and NR-PDCCH.
Observation 4: The NR PRB for placement of the NB-IoT carrier may be selected to allow for adequate guard bands and optimally use any excess guard band.
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