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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
NB-IoT is a key IoT technique introduced in LTE. Recently, NB-IoT has been widely deployed all over the world, as an important technique for machine type communication. Benefit from the elaborate design based on the narrow bandwidth (1 RB, 180 kHz), it provides deep coverage and is expected to have a battery life longer than ten years. 
In 3GPP Rel-15, non-standalone NR that coexist with LTE within LTE bands has been studied, which are also the important deploying bands for NB-IoT. It can be foreseen that NB-IoT and NR will coexist within the same frequency band in the coming years. As has been evaluated, NB-IoT fulfills all of the requirements of 5G Low Power Wide Area (LPWA) machine type communication, and should be a critical component of 5G.
In this contribution, we provide an overview of coexistence between LTE and NR, where the scenario of coexistence of NB-IoT and NR is discussed and analyzed. We also share our views on potential issues for future study.
Discussion
Numerology issue
For NB-IoT, two different subcarrier spacing (SCS) are supported: 15 kHz and 3.75 kHz. Meanwhile, only normal CP is supported. For NR, when working in FR1 (i.e., below 6 GHz), 15 kHz, 30 kHz and 60 kHz SCS are defined. In particular, for 60 kHz, extended CP is supported.
From point of view of simplicity, for both NB-IoT and NR, 15 kHz and normal CP can be a starting point for study of coexistence. In this case, we can focus on the alignment of subcarrier and RB boundary between NB-IoT and NR, and possibly effective resource reservation method for NB-IoT. But note that NB-IoT with 3.75 kHz SCS is also an important deployment scenario, and 1.25 kHz NPRACH may be introduced in NB-IoT in Rel-15 for coverage improvement. NR should support efficient coexistence with NB-IoT with different SCS to fully exploit their advantages in different scenarios. 
For the case of different numerologies, inter-carrier interference (ICI) occurs, and thus guard band or ICI cancelling scheme will be required. Moreover, problems may arise due to the misalignment of symbol/slot length in time domain. Possible issues, for example, BWP/carrier segmentation, additional baseband/radio filter, CORESET overlapping, required bandwidth of guard band between NB-IoT and NR for different NR SCS, performance loss of these two systems, should be considered. Mechanisms for managing ICI caused by difference of numerology can be further studied.
Frequency shift and subcarrier alignment
As can be expected, in the paired spectrum, NR will work in FDD mode and coexist with FDD NB-IoT. For Inband and Guardband mode NB-IoT, its UL carrier has a 7.5 kHz frequency shift from DC to align with LTE UL subcarrier. Hence, NR FDD should support 7.5 kHz frequency shift in the UL carrier to align with the NB-IoT UL carrier, otherwise, guard band or additional interference cancelling scheme is needed to manage the ICI. Although filtered-OFDM can be applied to the NR UE, the NB-IoT UE or LTE UE is not required to adopt the additional filter, since no impact on legacy NB-IoT UE or LTE UE is expected. As a result, NB-IoT UE will still interfere with NR in the UL due to the 7.5 kHz frequency shift. The only way to mitigate the ICI is to introduce guard band between NB-IoT and NR, no matter by implementation or by specification. 
Simulation results of UL transmission are provided below, and the simulation assumptions is listed in the appendix. Figure 1 shows the BLER of NR, where 1 RB LTE interferes with 6 RB NR in the UL with 7.5 kHz frequency shift. Note that the LTE RB can be regarded as an NB-IoT carrier. As obtained from the figure, with the 7.5 kHz frequency shift, a near 2 dB loss can be found at the 10-1 BLER for both 16QAM and 64QAM modulations. The performance loss can be reduced to near 0.4 dB when a 180 kHz (1 RB) guard band is introduced.
[image: ][image: ]
[bookmark: _Ref505693645]Figure 1 Impact from LTE to NR (16QAM, 64QAM) in UL
In Figure 2, impact from NR to LTE in UL sharing scenario is evaluated. For the 1 RB LTE with QPSK modulation (which is also the common modulation of NB-IoT), the performance loss caused by 7.5 kHz frequency shift is near 1 dB. The performance loss can be reduced to near 0.1 dB by introducing a 180 kHz (1 RB) guard band. 
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[bookmark: _Ref505694914]Figure 2 Impact from NR to LTE (QPSK) in UL
Taken the above simulation results into consideration, roughly 1 RB guard band per side is needed between NB-IoT and NR in UL, for mitigating ICI due to 7.5 kHz frequency offset. Consequently, for each NB-IoT UL carrier deployed in the NR UL band, 3 RB is needed to be reserved by NR, which is 300% larger compared to the actual resource occupation by NB-IoT. However, such guard band is not necessary if the UL subcarriers of NR is aligned with the UL subcarriers of NB-IoT, since there will be no ICI.
Table 1 shows the resource overhead for semi-static resource reservation for NB-IoT UL carrier(s) with Inband deployment, assuming that the SCS of NR is 15 kHz. It is also assumed that the NB-IoT carriers are deployed non-contiguously. Case 1, and Case 2 denote different coexistence scenarios in UL:
Case 1: Subcarrier of NB-IoT is not aligned with NR with a 7.5 kHz shift. 2 additional RBs are needed to be served as guard band for each NB-IoT UL carrier.
Case 2: Subcarrier of NB-IoT is aligned with NR. 12 subcarriers (1 RB) are needed for each NB-IoT UL carrier.
[bookmark: _Ref506223644]Table 1 Resource overhead for NB-IoT UL carrier(s) 
	NR BW
	5 MHz
	20 MHz
	50 MHz

	Coexistence Scenario
	Case 1
	Case 2
	Case 1
	Case 2
	Case 1
	Case 2

	Number of NB-IoT UL carriers
	1
	12%
	4%
	2.83%
	0.94%
	1.11%
	0.37%

	
	4
	48%
	16%
	11.32%
	3.77%
	4.44%
	1.48%

	
	10
	N/A
	40%
	28.30%
	9.43%
	11.11%
	3.70%

	
	20
	N/A
	80%
	56.60%
	18.87%
	22.22%
	7.41%


In conclusion, 7.5 kHz frequency shift should be supported in NR FDD for sub-carrier alignment with NB-IoT. Note that RAN1 has already agreed that 7.5 kHz shift is supported in the UL carrier of NR FDD in RAN1# AH1706. The agreement is copied as follows for reference:
	Agreements:
· In NR, support configuration between the following for paired spectrum (support of scheme 2 below is conditioned on the assumption that 100kHz is adopted as a supported UL channel raster in NR to support LTE/NR co-existence with LTE FDD)
· Scheme 1: Do nothing to allow subcarrier alignment between NR UL (15 kHz) and LTE UL
· Scheme 2: allow subcarrier alignment between NR UL (15 kHz) and LTE UL, where NR UL raster is with a 7.5 kHz shift to the LTE UL raster 


In the case when SUL is configured for NR TDD carrier, RAN4 has already supported 7.5 kHz shift for SUL to align with LTE UL carrier. However, the case of UL carrier of NR FDD seems not to have been captured yet. We propose that both RAN1 and RAN4 should capture the agreement explicitly to support the configurable 7.5 kHz shift in the UL carrier of NR FDD for better coexistence with NB-IoT. The related contents can be referred in our companion reply LS [4].
[bookmark: _GoBack]Proposal 1: RAN1 and RAN4 should capture the agreement on configurability of 7.5 kHz frequency shift in UL carrier in NR FDD for subcarrier alignment with NB-IoT and LTE.
· Send an LS to RAN4 to request configurability of 7.5 kHz frequency shift in UL carrier in NR FDD at least in NB-IoT band.
Scenarios of coexistence between NB-IoT and NR
Coexistence with NB-IoT with different operation mode
Generally, there are three operation modes in NB-IoT: Inband, Guardband and Standalone mode. For Inband mode, it can be further divided as Inband-SamePCI and Inband-DifferentPCI mode. Regarding the time-frequency resource, these operation modes have different characteristics. Some of the differences are concluded in the following table: 
Table 2 Difference between different operation modes
	Operation Mode
	Raster Offset
	Starting symbol in a subframe[1]
	Utilization of LTE CRS
	Mapping in LTE CRS REs

	Inband-SamePCI
	Yes
	2nd, 3rd or 4th
	Yes
	No

	Inband-DifferentPCI
	Yes
	2nd, 3rd or 4th
	No
	No

	Guardband
	Yes
	1st
	No
	Yes

	Standalone
	No
	1st
	No
	Yes


[1] This is for data channel.
There are two cases be considered: (1) NB-IoT has already been deployed, and NR is going to be deployed in the same frequency band. (2) After the NR is deployed, NB-IoT is going to be deployed in/adjacent to NR bandwidth.
NR coexists with already deployed NB-IoT
For already deployed Inband and Guardband NB-IoT, the operation mode of NB-IoT depends on the relationship between NB-IoT and LTE. To align with the LTE RB boundary, for anchor carrier, a mandatory {±2.5, ±7.5} kHz raster offset is introduced and indicated in MIB-NB. 
The scenario of coexistence with already deployed NB-IoT with different operation modes should be considered by NR, as illustrated in Figure 3. As can be seen from the figure, both Inband and Guardband NB-IoT may be located in NR frequency band. Similarly, though Standalone mode mainly focuses on re-farming GSM frequency band, it is still possible and allowed to be deployed within the LTE band.
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[bookmark: _Ref506223738]Figure 3 NR coexist with already deployed NB-IoT with different operation mode
NB-IoT is going to be deployed in/adjacent to NR frequency band
When NB-IoT is going to be deployed in/adjacent to the already existed NR system frequency band, it may operate in Inband or Guardband mode, as illustrated in Figure 4. 
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[bookmark: _Ref506223751]Figure 4 NR coexist with going-to-deploy NB-IoT with different operation mode
In this case, for Inband mode anchor carrier, the issue of RB boundary alignment should be considered. In the DL carrier, only a small part of the NR RBs (about 20%) can be aligned with the NB-IoT anchor carrier candidates. This can be obtained from the fact that the least common multiple of NB-IoT raster (100 kHz) and NR RB bandwidth (180 kHz) is 900 kHz, so 1 out of 5 contiguous RBs of NR satisfies the requirement of NB-IoT raster, which is similar to the LTE case. If the NB-IoT anchor carrier still has to align with NR RB boundary, the allowable deployed location may be quite limited. Therefore, NR may consider supporting efficient coexistence with NB-IoT anchor carrier that only with aligned subcarriers but without aligned RB boundary.
For Guardband deployment, note that the guard band of NR has largely reduced compared to LTE, due to the improvement of spectrum efficiency. The minimum guard band of different SCS and channel bandwidth is captured in TS 38.101[2]. For 15 kHz SCS, the minimum bandwidth of guard band is 242.5 kHz. However, to ensure that at least one NB-IoT anchor carrier can be deployed in the NR guard band, the bandwidth of NR guard band should satisfy:


With the restriction of 100 kHz raster, very limited number of NB-IoT anchor carrier can be deployed in the guard band of NR. In the worst case, it is possible that no NB-IoT anchor carrier can be deployed. This again emphasizes that NR should consider coexistence of multiple anchor carriers of NB-IoT within (rather than adjacent to) its frequency band, since the available candidates of frequency location for Guardband NB-IoT may not satisfy the demand of deployment.
In summary, the NB-IoT with Inband, Guardband or Standalone mode can be located within NR system band. NR may study efficient resource sharing mechanisms for multiple NB-IoT carriers, where the resource occupations of different operation modes, alignment of subcarriers and alignment of RB boundary are taken into consideration. 
Observation 1: NR will coexist with multiple anchor and non-anchor NB-IoT carriers, which can be operated in Inband, Guardband and Standalone mode.
Interference avoidance between NB-IoT and NR
In this subsection, we focus on the coexistence of NB-IoT and NR in DL. Currently, NR supports two kinds of rate-matching schemes [3]: RB-symbol level and RE level. Two kinds of schemes can be considered: semi-static resource sharing and dynamic resource sharing. In the following discussion, we focus on the case of same numerology and assume that the subcarriers of NB-IoT and NR are aligned.
Semi-static resource sharing
For semi-static resource sharing, NR will not use the subcarriers occupied by NB-IoT, even if no DL data is transmitted in NB-IoT within a period of time. 
The current RB-symbol level rate-matching scheme based on the combined bitmaps can be applied for NB-IoT carrier reservation. However, if the NB-IoT anchor carrier is not align with the NR RB boundary, two RBs will have to be reserved in frequency domain, leading to a two times resource cost of NB-IoT, as illustrated in Figure 5(a). Also note that RB level granularity resource reservation may be realized by resource scheduling and can be transparent to NR UE, but it still leads to the same overhead in the coexistence scenario. NR may further consider mechanism to improve the efficiency, which is illustrated in Figure 5(b).
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[bookmark: _Ref505329591]Figure 5 Illustration of semi-static resource sharing
Dynamic resource sharing
Dynamic resource sharing can be further considered based on the semi-static resource sharing. It allows higher spectrum utilization since (at least most of) the resource of the overlapping area can be used either by NR or NB-IoT. This requires ideal backhaul between the BS of NR and BS of NB-IoT, so it is more likely to be realized in the co-located scenario. 
In NB-IoT, narrowband reference signal (NRS) are assumed to always be transmitted in the effective subframes in DL anchor carrier. From NB-IoT’s perspective, the NB-IoT UE can use NRS to estimate the DL channel at any time, even if no DL data is receiving. From NR’s perspective, it is reasonable to reserve the REs for NRS transmission, when dynamic sharing is applied.
[image: ]
[bookmark: _Ref505329484]Figure 6 Illustration of dynamic resource sharing, assuming REs for NRS are reserved
As illustrated in Figure 6, if dynamic resource sharing is adopted, the REs for NRS (and other possible signals) should also be reserved. When considering the RE level resource reservation for NB-IoT, the starting symbol in a subframe of NB-IoT can also be taken into consideration, but may bring higher complexity since the starting symbols are different for data channel, broadcasting channel and synchronization signals. 
In addition, NR UE is not expected to handle the case where PDSCH DMRS are overlapping, even partially, with any RE(s) as reserved. For both 1 port and 2 ports NRS, it locates at the 5th, 6th, 12th and 13th symbols within a slot (the symbols are numbered from 0th to 13th). According to [5], in NR, the location of DMRS for PDSCH in time domain depends on the PDSCH duration, configuration type and mapping type. It is possible that NRS and NR DMRS are located in the same symbol, e.g. the 6th symbol within a slot. But the collision is not inevitable, and can be handled by implementation.
Conclusion
In this contribution, coexistence of LTE, NB-IoT and NR is discussed. The observation and proposal are concluded as follows:
Observation 1: NR will coexist with multiple anchor and non-anchor NB-IoT carriers, which can be operated in Inband, Guardband and Standalone mode.
Proposal 1: RAN1 and RAN4 should capture the agreement on configurability of 7.5 kHz frequency shift in UL carrier in NR FDD for subcarrier alignment with NB-IoT and LTE.
· Send an LS to RAN4 to request configurability of 7.5 kHz frequency shift in UL carrier in NR FDD at least in NB-IoT band.
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Appendix
Table A1. Simulation assumptions for ICI evaluation 
	Parameter 
	Value

	Bandwidth
	10 MHz

	Carrier frequency
	2 GHz

	Subcarrier spacing
	15 kHz

	Cyclic prefix
	Normal

	Waveform
	LTE & NR: DFT-S-OFDM

	Antenna configuration
	1*2 ULA low correlation

	Propagation channel
	TDL-C 300ns

	Number of PRBs for PUSCH 
	LTE 1PRB,  NR 6PRBs

	MCS for LTE
	QPSK 1/2

	MCS for NR
	16QAM 1/2, 64QAM 3/4

	Misalignment offset
	0 kHz, 7.5 kHz
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