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1 Introduction
In RAN1 #94 meeting, the following observation and agreement were approved on coexistence of LTE-MTC and NR [1].

	Observation

From RAN1 perspective, no issues were identified that would prevent the coexistence of NR and eMTC

Agreement

RAN1 studies additional specification enhancement for improving the performance of coexistence of eMTC with NR.


In RAN1 #94bis meeting, the following agreements were approved on coexistence of LTE-MTC and NR [2].

	Agreement

RAN1 clarifies that the enhancements introduced by the WI objective on usage of the LTE DL control channel region for MPDCCH/PDSCH transmissions to LTE-MTC UEs do not only apply to LTE-MTC stand-alone deployments but also to the case when LTE-MTC is deployed within an NR carrier.

For further study:

Until the next meeting, invite companies to evaluate the potential performance gains (e.g. in terms of reduced NR resource reservation) from performance improvements of subcarrier and resource block alignment to help determine whether the gains are significant enough to motivate the impacts.

Until the next meeting, invite companies to evaluate the potential performance gains (e.g. in terms of reduced NR resource reservation) from performance improvements of resource configuration (e.g. reservation of LTE-MTC resources) to help determine whether the gains are significant enough to motivate the impacts. 
Until the next meeting, invite companies to evaluate the potential performance gains (e.g. in terms of reduced NR resource reservation) from performance improvements through CRS reduction to help determine whether the gains are significant enough to motivate the impacts.
· Also consider backwards compatibility aspects.

Until the next meeting, invite companies to evaluate the potential performance gains (e.g. in terms of reduced NR resource reservation) from performance improvements of frequency hopping to help determine whether the gains are significant enough to motivate the impacts. 

· Also consider backwards compatibility aspects.


In RAN1 #95 meeting, the following agreements were approved on coexistence of LTE-MTC and NR [3].

	Agreement
· RAN1 continues to study the following techniques for performance improvements of resource block alignment until the next meeting:

· Puncturing of resource elements at the outlying subcarrier

· Rate-matching around the outlying subcarrier

· Exploitation of a portion of the NR guard band (this would also require RAN4 study)

· RAN1 continues to consider all combinations of LTE-MTC system bandwidths and NR system bandwidths when discussing potential co-existence performance improvements.

· RAN1 continues to study the following techniques for performance improvements of LTE-MTC resource allocation until the next meeting:

· Resource reservation at symbol level/slot level/subframe level/subcarrier level

· Whether the resource reservation is dynamic or semi-static (if supported)

· Whether and how to support LTE-MTC transmission in a portion of the subframe

· Impact of resource reservation to legacy UEs

· Whether LTE-MTC transmission is postponed or dropped in reserved resources

· RAN1 studies LTE-MTC transmission outside the legacy LTE system bandwidth (for reduced NR reserved resource cost for CRS, SIB1-BR, paging, etc.) until the next meeting


In this contribution, we discuss and evaluate the potential performance improvement solutions for coexistence of LTE-MTC with NR.

2 Performance improvement of LTE-MTC coexistence with NR

In last RAN1 meeting, it was agreed to continue to consider all combinations of LTE-MTC system bandwidths and NR system bandwidths when discussing potential co-existence performance improvements.

For coexistence LTE-MTC with NR, the coexistence system should support the Cat-M1 UEs (1.4 MHz bandwidth) and Cat-M2 UEs (5 MHz bandwidth). The bandwidth of SSB in NR system is 20 PRBs, so the lowest NR bandwidth under consideration is 5 MHz. For in-band coexistence of LTE-MTC with NR, when the NR system bandwidth is very large (e.g., larger than 20 MHz), NR carrier can reserved multiple non-overlapping frequency domain resources, corresponding to 1.08 MHz bandwidth, to LTE-MTC UEs.  In this case, the potential performance improvement may be negligible.

For NR-LTE co-existence, there is no limitation of LTE bandwidth and NR bandwidth. For NR with 15 KHz subcarrier spacing, 5 MHz LTE + 5 MHz NR, 10 MHz LTE + 10 MHz NR, 20 MHz LTE + 20 MHz NR are not precluded. When discussing the potential co-existence performance improvement, for LTE-MTC UEs with 1.4 MHz bandwidth, at least combination of 1.4/3/5 MHz LTE-MTC bandwidth and 5/10 MHz NR bandwidth should be considered. For LTE-MTC UEs with 5 MHz bandwidth, at least combination of 5/10/20 MHz LTE-MTC bandwidth and 5/10/20 MHz NR bandwidth should be considered. For combination of 5 MHz LTE-MTC + 5 MHz NR, 10 MHz LTE-MTC + 10 MHz NR and 20 MHz LTE-MTC + 20 MHz NR, due to full overlapping in frequency domain, the resource utilization efficiency and the scheduling complexity may have problems. From the resource utilization point of view, combination of 5 MHz LTE-MTC + 5 MHz NR, 10 MHz LTE-MTC + 10 MHz NR and 20 MHz LTE-MTC + 20 MHz NR should be highlighted.

Proposal 1: When discussing potential co-existence performance improvement, the following combinations should be considered:

· 1.4 MHz LTE-MTC bandwidth and 5 MHz NR bandwidth
· 3 MHz LTE-MTC bandwidth and 5 MHz NR bandwidth
· 5 MHz LTE-MTC bandwidth and 5 MHz NR bandwidth

· 3 MHz LTE-MTC bandwidth and 10 MHz NR bandwidth

· 5 MHz LTE-MTC bandwidth and 10 MHz NR bandwidth

· 10 MHz LTE-MTC bandwidth and 10 MHz NR bandwidth

· 20 MHz LTE-MTC bandwidth and 20 MHz NR bandwidth

2.1 Performance improvement of resource block alignment
LTE-MTC system includes the DC subcarrier in the carrier center. For 1.4 MHz LTE-MTC system bandwidth, the LTE-MTC narrowband includes DC subcarrier and the total number of subcarriers in the narrowband is 73. As shown in Figure 1(a), if the PRB boundary is not aligned between NR and LTE-MTC, 7 consecutive NR PRBs should be reserved for 1.4 MHz LTE-MTC narrowband. If the PRB boundary of NR and LTE-MTC is aligned in one side, due to existence of DC subcarrier, as shown in Figure 1 (b), there has one outlying subcarrier. For the case that LTE-MTC and NR have dedicated frequency region, the number of impacted PRBs is only one or two. For the case that LTE-MTC and NR share the same frequency region, if the LTE-MTC PRBs allocated to multiple UEs are not continuous, the number of outlying subcarriers may be increased. For example, PRB #3 is allocated to one UE and PRB #5 is allocated to another UE, PRB #8 and PRB #10 in NR system would be interfered by LTE-MTC transmission.
Observation 1: The number of outlying subcarriers may be increased for the case that the LTE-MTC PRBs allocated to multiple UEs are not continuous.
If the outlying subcarrier caused by the DC subcarrier shift is punctured, or rate-matching around the outlying subcarrier, the NR PRBs and LTE-MTC PRBs can be aligned and only 6 NR PRBs would be reserved.
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Figure 1 Co-existence of 1.4 MHz LTE-MTC with 5 MHz NR
For combination of 1.4 MHz LTE-MTC and 5 MHz NR, by puncturing the resource elements at the outlying subcarrier or rate-matching around the outlying subcarrier, one NR PRB can be saved which can obtain 1/25 = 4% performance gain for 5 MHz NR system. For the case that the LTE-MTC PRBs allocated to multiple UEs are discontinuous, the performance gain by puncturing the outlying subcarrier may be larger than 4%. 
Observation 2: For combination of 1.4 MHz LTE-MTC and 5 MHz NR, puncturing of resource elements at the outlying subcarrier or rate-matching around the outlying subcarrier can bring at least 4% performance gain for NR system.

For 3/5 MHz LTE-MTC system, LTE-MTC narrowbands do not include the DC subcarrier. The edge PRBs would not be utilized by LTE-MTC UEs. To support co-existence of 3/5 MHz LTE-MTC with 10 MHz NR system, as shown in Figure 2, 13/25 NR PRBs should be reserved by puncturing of resource elements at the outlying subcarrier or rate-matching around the outlying subcarrier. One NR PRB can be saved which can obtain 1/50 = 2% performance gain for 10 MHz NR system. For the case that the LTE-MTC PRBs allocated to multiple UEs are discontinuous, the performance gain by puncturing the outlying subcarrier may be larger than 2%. 
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Figure 2 Co-existence of 3/5 MHz LTE-MTC with 10 MHz NR
Observation 3: For combination of 3/5 MHz LTE-MTC and 10 MHz NR, puncturing of resource elements at the outlying subcarrier or rate-matching around the outlying subcarrier can bring at least 2% performance gain.

Puncturing of resource elements at the outlying subcarrier and rate-matching around the outlying subcarrier may be done via eNB implementation. Puncturing of resource elements at the outlying subcarrier or rate-matching around the outlying subcarrier can be enabled by UE specific RRC signalling or system information. After the feature of puncturing or rate-matching around outlying subcarrier is semi-statically configured, dynamic DCI signalling can be used to indicate how to use the outlying subcarrier for PDSCH channel. Dynamic DCI signalling is suitable for both cases that LTE-MTC and NR share the same frequency region and LTE-MTC and NR have dedicated frequency region. For MPDCCH channel, the outlying subcarrier is always punctured or rate-matched around once the feature of puncturing or rate-matching around outlying subcarrier is semi-statically configured.

Proposal 2: Puncturing of resource elements at the outlying subcarrier or rate-matching around the outlying subcarrier can be enabled by UE specific RRC signalling or system information. 

Proposal 3: When the feature of puncturing or rate-matching around outlying subcarrier is semi-statically configured, dynamic DCI signalling can be used to indicate how to use the outlying subcarrier for PDSCH channel.

Proposal 4: For MPDCCH channel, the outlying subcarrier is always punctured or rate-matched around once the feature of puncturing or rate-matching around outlying subcarrier is semi-statically configured.
2.2 Whether to deploy part of LTE-MTC on NR guard band

For 5 MHz to 50 MHz bandwidth NR system with 15 kHz subcarrier spacing, the range of guard band on each side is from 242.5 kHz to 692.5 kHz. For in-band coexistence of LTE-M within an NR carrier, especially for small NR bandwidth, utilizing a portion of the NR guard band is beneficial for resource efficiency. However, utilizing the guard band of NR system for LTE-MTC transmission may have negative impacts on NR performance. Whether to deploy part of LTE-MTC on NR guard band is up to RAN4 decision.

Proposal 5: Whether to deploy part of LTE-MTC on NR guard band is up to RAN4 decision.
2.3 Performance improvements of reduction of LTE-MTC CRS   
For combination of 5 MHz LTE-MTC + 5 MHz NR, 10 MHz LTE-MTC + 10 MHz NR and 20 MHz LTE-MTC + 20 MHz NR, LTE-MTC and NR system would share frequency region within the whole system bandwidth as shown in Figure 3. In this case, scheduling complexity is much larger than the case that LTE-MTC and NR have dedicated frequency region. Currently, NR supports RE level resource reservation for LTE CRS and RB-symbol level reservation for other LTE channel and signals. Even though LTE CRS REs can be rate-matched around for NR system by higher layer signaling, for the co-existence case with full frequency overlapping, performance degradation would be expected for NR system. 
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Figure 3 Coexistence of NR and LTE-MTC system with full frequency overlapping

Taking 4-port LTE CRS as an example, for NR with 15 kHz subcarrier spacing, the ratio of CRS REs in a PRB is 24/168 = 14.3%. To reduce the negative impact, reduction of LTE CRS should be considered. LTE CRS REs are located in bandwidth smaller than the whole bandwidth that LTE-MTC UEs can use. For example, for LTE-MTC coexistence with NR, only 1.4 MHz bandwidth with PSS/SSS/PBCH transmission includes LTE CRS REs, other LTE-MTC bandwidth does not include LTE CRS REs. In this case, LTE-MTC UEs access the system from the bandwidth including LTE CRS REs while data transmission can be operated in larger bandwidth.  If the system bandwidth for NR and LTE-MTC coexistence is 10 MHz and LTE CRS REs are limited within 1.4 MHz bandwidth, NR resource reservation would be saved by up to 12.57%. 

Observation 4: For the case that NR and LTE-MTC share the whole system bandwidth, reduction of LTE CRS can reduce the NR resource reservation by up to 12.57%. 

Proposal 6: To improve the performance of coexistence of LTE-MTC with NR, LTE CRS REs are located in bandwidth smaller than the whole bandwidth that LTE-MTC UEs can use.

· LTE-MTC UEs access the system from the bandwidth including CRS REs while data transmission can be operated in larger bandwidth.

2.4 Performance improvement of LTE-MTC frequency hopping
For frequency sharing scenario, another issue to be handled is frequency hopping in LTE-MTC. As we know, Frequency hopping for SIB1-BR is always used for system bandwidth ≥ 5MHz. SIB1-BR frequency hopping takes place between 2 or 4 narrowbands depending on the system bandwidth. Frequency hopping for paging MPDCCH and MTC-SIBx is cell specifically configured. To support frequency hopping of LTE-MTC, more NR resources should be reserved. Restricting the system bandwidth for LTE-MTC frequency hopping can reduce the occurrence of resource fragment and reduce the required NR resource reservations. The LTE-MTC system bandwidth indicated in MIB is smaller than the bandwidth that LTE-MTC UEs can use. For example, as shown in Figure 4, the system bandwidth for LTE-MTC coexistence with NR is 10 MHz and LTE-MTC system bandwidth indicated in MIB is 3 MHz (15 RBs), the LTE-MTC UEs should access the LTE-MTC system from the indicated 3 MHz and the frequency hopping should be limited in this 3 MHz bandwidth. However, for 5 MHz PDSCH/PUSCH capable UEs, PDSCH/PUSCH transmission without hopping can be scheduled in bandwidth larger than 3 MHz. In this case, CSI-RS can be used as reference signal for CSI report. CRS based transmission mode cannot be supported and only DMRS based transmission mode can be used instead. Since the LTE-MTC system bandwidth indicated in MIB is the narrower bandwidth with CRS transmission, and frequency hopping can be done within the indicated narrower bandwidth, no backward compatibility issues would be expected for legacy UEs. For a given co-existence bandwidth, restricting the CRS bandwidth and bandwidth for LTE-MTC frequency hopping (i.e., restricting the bandwidth for network access of LTE-MTC UEs), more bandwidth can be used for data transmission of Rel-16 LTE-MTC UEs and NR UEs. NR UEs and Rel-16 LTE-MTC UEs can share the same frequency region by flexible scheduling. It is proposed to restrict the bandwidth for LTE-MTC network access and guarantee the bandwidth for data scheduling.

Observation 5: For the case that NR and LTE-MTC share the same frequency region, restricting the bandwidth for frequency hopping of LTE-MTC can significantly reduce the NR resource reservation.
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Figure 4 Coexistence of NR and LTE-MTC system with less CRS and smaller frequency hopping bandwidth 

Proposal 7: To improve the performance of coexistence of LTE-MTC with NR, restricting the bandwidth for SIB1-BR frequency hopping and network access of LTE-MTC UEs to guarantee the bandwidth for data scheduling is considered.

2.5 Performance improvements of LTE-MTC resource allocation

Preconfigured resource reservation in LTE-MTC can reduce the interference to reference signals in NR and reduce the performance degradation of LTE-MTC transmission caused by collision with URLLC service. However, the reserved resources may be wasted if there has no urgent ULRRC service. Considering that MTC services are latency insensitive, preconfigured resource reservation such as symbol level resource reservation, subframe level resource reservation or subcarrier level resource reservation in LTE-MTC can be considered. 

Proposal 8: To improve the coexistence performance of LTE-MTC with NR, resource reservation in LTE-MTC can be considered.

· FFS symbol level, subframe level or subcarrier level resource reservation
For LTE-MTC coexistence with NR, UEs can be scheduled for NR or LTE downlink transmission in an arbitrary slot. URLLC and MTC service may be scheduled in the same frequency region. Due to the low latency requirement of URLLC service, URLLC may occupy the resources of LTE-MTC UEs. If the number of URLLC UEs allocated in a given frequency region is large, performance of LTE-MTC transmission may be degraded since the allocated LTE-MTC resources are punctured by URLLC services. Compared with legacy LTE, due to repetition of LTE-MTC DL transmission, collision between LTE-MTC transmission and DL URLLC may be more serious. If the LTE-MTC UE does not know that partial resources are punctured by URLLC service, the LTE-MTC UE would still regard URLLC data as LTE-MTC data for decoding. The LTE-MTC performance would be impacted. In Rel-15 NR system, interrupted transmission indication can be used to signal to the UEs that the allocated resources may be punctured by other downlink transmission due to collision. Interrupted transmission indication is helpful for UE’s data decoding.

Observation 6: Compared with legacy LTE, due to repetition of LTE-MTC transmission, collision between LTE-MTC transmission and NR URLLC may be more serious.
In downlink, besides the resources punctured by URLLC services, the allocated LTE-MTC resources may also be interfered by SSB from neighboring NR cells. Since the LTE-MTC UEs do not know the interference information from neighboring cells, the LTE-MTC UEs may regard interference as useful LTE-MTC transmission which is harmful for LTE-MTC decoding. As shown in Figure 5, dynamic indication in DCI can be considered to signal the puncturing information or interference information about the previous LTE-MTC transmission. The LTE-MTC UE would handle the destroyed LTE-MTC transmission according to the information dynamically indicated in DCI. 
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Figure 5   Dynamic indication of interference or puncturing information of LTE-MTC transmission

Proposal 9: For LTE-MTC transmission, dynamic signaling in DCI is used to indicate downlink puncturing information.
For LTE-MTC coexistence with NR, UEs can be scheduled for NR or LTE uplink transmission in an arbitrary slot. In uplink, partial allocated LTE-MTC resources may also be occupied by high priority NR URLLC services. Compared with legacy LTE, due to repetition of LTE-MTC UL transmission, collision between LTE-MTC transmission and UL URLLC may be more serious. If LTE-MTC data are still transmitted in the resources occupied by NR URLLC, the URLLC performance would be impacted due to collision. Before the LTE-MTC transmission, a dedicated control information can be considered to inform the uplink interference information to LTE-MTC UE. For example, a dedicated control information is signaled to tell the LTE-MTC UE to mute the UL data transmission in corresponding resources. As shown in Figure 6, the LTE-MTC would mute the uplink transmission according to the dedicated control information.
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Figure 6 Puncturing/Muting LTE-MTC uplink transmission

Proposal 10: For LTE-MTC transmission, a dedicated control information is used to indicate uplink muting information.
3 Conclusions

In this contribution, we have discussed the performance issues and performance improvement for coexistence of LTE-MTC and NR. We make the following observations and proposals:
Observation 1: The number of outlying subcarriers may be increased for the case that the LTE-MTC PRBs allocated to multiple UEs are not continuous.
Observation 2: For combination of 1.4 MHz LTE-MTC and 5 MHz NR, puncturing of resource elements at the outlying subcarrier or rate-matching around the outlying subcarrier can bring at least 4% performance gain for NR system.

Observation 3: For combination of 3/5 MHz LTE-MTC and 10 MHz NR, puncturing of resource elements at the outlying subcarrier or rate-matching around the outlying subcarrier can bring at least 2% performance gain.

Observation 4: For the case that NR and LTE-MTC share the whole system bandwidth, reduction of LTE CRS can reduce the NR resource reservation by up to 12.57%. 

Observation 5: For the case that NR and LTE-MTC share the same frequency region, restricting the bandwidth for frequency hopping of LTE-MTC can significantly reduce the NR resource reservation.

Observation 6: Compared with legacy LTE, due to repetition of LTE-MTC transmission, collision between LTE-MTC transmission and NR URLLC may be more serious.

Proposal 1: When discussing potential co-existence performance improvement, the following combinations should be considered:

· 1.4 MHz LTE-MTC bandwidth and 5 MHz NR bandwidth
· 3 MHz LTE-MTC bandwidth and 5 MHz NR bandwidth
· 5 MHz LTE-MTC bandwidth and 5 MHz NR bandwidth

· 3 MHz LTE-MTC bandwidth and 10 MHz NR bandwidth

· 5 MHz LTE-MTC bandwidth and 10 MHz NR bandwidth

· 10 MHz LTE-MTC bandwidth and 10 MHz NR bandwidth

· 20 MHz LTE-MTC bandwidth and 20 MHz NR bandwidth

Proposal 2: Puncturing of resource elements at the outlying subcarrier or rate-matching around the outlying subcarrier can be enabled by UE specific RRC signalling or system information. 

Proposal 3: When the feature of puncturing or rate-matching around outlying subcarrier is semi-statically configured, dynamic DCI signalling can be used to indicate how to use the outlying subcarrier for PDSCH channel.

Proposal 4: For MPDCCH channel, the outlying subcarrier is always punctured or rate-matched around once the feature of puncturing or rate-matching around outlying subcarrier is semi-statically configured.
Proposal 5: Whether to deploy part of LTE-MTC on NR guard band is up to RAN4 decision.
Proposal 6: To improve the performance of coexistence of LTE-MTC with NR, LTE CRS REs are located in bandwidth smaller than the whole bandwidth that LTE-MTC UEs can use.

· LTE-MTC UEs access the system from the bandwidth including CRS REs while data transmission can be operated in larger bandwidth.

Proposal 7: To improve the performance of coexistence of LTE-MTC with NR, restricting the bandwidth for SIB1-BR frequency hopping and network access of LTE-MTC UEs to guarantee the bandwidth for data scheduling is considered.

Proposal 8: To improve the coexistence performance of LTE-MTC with NR, resource reservation in LTE-MTC can be considered.

· FFS symbol level, subframe level or subcarrier level resource reservation

Proposal 9: For LTE-MTC transmission, dynamic signaling in DCI is used to indicate downlink puncturing information.
Proposal 10: For LTE-MTC transmission, a dedicated control information is used to indicate uplink muting information.
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