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Introduction
In the “Revised WID: Additional MTC enhancements for LTE” ‎[1] it was agreed to specify performance improvement aspects in coexistence of LTE-M with NR.
· Specify the following performance improvements for LTE-MTC coexistence with NR [RAN1, RAN2, RAN4]
· LTE-MTC resource reservation at least in the time domain with at least one of slot-level and symbol-level granularity at least in DL to avoid resource overlap between NR and LTE-MTC when LTE-MTC is deployed within an NR carrier
· LTE-MTC subcarrier puncturing for a small number of LTE-MTC DL subcarriers (excluding CRS) to reduce the number of NR resource blocks that need to be reserved for LTE-MTC when LTE-MTC is deployed within an NR carrier

In RAN1#98, the following agreements were made for NR coexistence with LTE-MTC:
	Agreement
· FFS: till the next meeting whether the LTE-MTC DL subcarrier puncturing applies per scheduled transmission and/or per narrowband and/or per system bandwidth
· DL subcarrier puncturing is supported on both sides of [transmission bandwidth]
· The maximum number of LTE-MTC DL subcarriers that can be punctured is 2
· The [maximum] number of punctured subcarriers and their locations are configured by higher layers via [SIB or UE-specific RRC signaling]. It is FFS whether DCI can override or modify the higher-layer configuration.
· The same higher-layer configuration of [maximum] number of punctured subcarriers and their locations apply to both MPDCCH and PDSCH.
· FFS: till the next meeting whether DMRS, CSI-RS and SFBC RE pairs are punctured or not.

Agreement
· LTE-MTC DL time-domain resource reservation is supported with a finer granularity than slot level. Transmissions in these reserved resources are dropped.
· FFS: How to handle DMRS
· Support LTE-MTC DL time-domain resources reservation with slot-level granularity. Transmissions in these reserved resources are dropped.
· Whether to support LTE-MTC UL time-domain resource reservation and/or LTE-MTC DL frequency-domain resource reservation is FFS.
· The LTE-MTC resource reservation is configured by higher layers via [SIB or UE-specific RRC signaling]. It is FFS whether DCI can override or modify the higher-layer configuration.
· It is FFS whether/how the higher layer configuration relates to the existing Rel-13 parameters for LTE-MTC valid subframe configuration and MBSFN configuration.





In this contribution, we discuss further aspects of improved LTE-M resource block alignment and improved LTE-M resource reservation.
Puncturing of LTE-M outlying subcarriers in DL
In LTE-M DL, a perfect RB alignment between LTE-M and NR may not be achieved, despite having the subcarrier grid alignment. For instance, in case of 6 LTE-M RBs with the DC subcarrier, we need to reserve 7 NR RBs in order to accommodate the LTE-M carrier. In fact, extra outlying LTE-M subcarriers lead to the use of an additional NR resource block. In this regard, RAN1 is studying puncturing to handle outlying subcarriers to ensure overlapping with 6 (or less) NR resource blocks rather than 7 when deploying LTE-M.
          [image: ]
Figure 1: RB misalignment between NR and LTE-M in DL.

Applying subcarrier puncturing for LTE-M
In principle, subcarrier puncturing can be applied per narrowband LTE-M (i.e., 6 PRBs), per PRBs used for actual transmissions, or per system bandwidth. Subcarrier puncturing per LTE-M narrowband, is particularly useful for the case of common control signaling, system information transmission. Moreover, when there is no dynamic resource sharing between NR and LTE-M (e.g., hard FDM in which 6 or 7 NR PRBs are allocated to LTE-M), per-narrowband subcarrier puncturing is suitable due to its low complexity.
At the same time, LTE-M allows for a dynamic use of PRBs, such that, e.g., a PDSCH transmission may use any allocation size between 1 and 6 PRBs. In this case, applying subcarrier puncturing to PRBs which are used for actual LTE-M transmissions may be useful to enable that the punctured subcarrier can be used for NR instead. However, in another scenario, transmissions to multiple LTE-M users are frequency multiplexed within the narrowband, in which case it would be undesired to puncture subcarriers inside the narrowband. The optimal behavior may thus be scenario dependent, e.g. whether the scheduler primarily uses dynamic resource sharing between LTE-M users only, or between LTE-M and NR users. We therefore propose that the network may configure whether to apply puncturing per PDSCH transmission or per narrowband. 
Moreover, MPDCCH transmissions can be done within a PRB set containing 2, 4, or 6 PRBs. Hence, for MPDCCH it may be useful to consider subcarrier puncturing being applied per PRB set consisting of multiple PRBs. If, for example, 2 PRBs are used for MPDCCH, the remaining 4 PRBs may be used for NR users, in which case subcarrier puncturing may be beneficial, or for LTE-M PDSCH transmissions, in which case puncturing should be avoided. Which one of these cases that primarily occurs may be scenario dependent, and we therefore propose that the network may configure whether to apply puncturing per PRB set or per narrowband. 


[image: ]
Figure 2: Per-narrowband puncturing.
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Figure 3: Per-PRBs puncturing.
[bookmark: _Toc19117935][bookmark: _Toc20144537]

[bookmark: _Toc20151757][bookmark: _Toc21076882]Per-narrowband subcarrier puncturing is particularly useful when there is no dynamic resource sharing between NR and LTE-M (e.g., hard FDM in which 6 or 7 NR PRBs are allocated to LTE-M).
[bookmark: _Toc21076883]It may be useful to consider subcarrier puncturing per PRB-set (e.g., 2, 4, or 6 PRBs) for MPDCCH.
[bookmark: _Toc21076884]Per-narrowband subcarrier puncturing has lower complexity than the per-PRBs case (used for actual transmission).
[bookmark: _Toc21097356][bookmark: _Toc21097513][bookmark: _Toc21098120][bookmark: _Toc21099540][bookmark: _Toc21100845][bookmark: _Toc21097357][bookmark: _Toc21097514][bookmark: _Toc21098121][bookmark: _Toc21099541][bookmark: _Toc21100846][bookmark: _Toc21097358][bookmark: _Toc21097515][bookmark: _Toc21098122][bookmark: _Toc21099542][bookmark: _Toc21100847][bookmark: _Toc21076885]The per-PRBs puncturing (used for actual transmission) provides flexibility and can be more effective (for resource utilization) than the per-narrowband and per-system bandwidth cases.


[bookmark: _Toc7039342][bookmark: _Toc7193922][bookmark: _Toc7193923]Signaling aspect of subcarrier puncturing
The subcarrier puncturing feature can be semi-statically configured by higher signaling. Since the DCI can only affect the PDSCH puncturing, not the MPDCCH puncturing, we need to have a higher-layer solution that does not rely on DCI signaling. In particular, we can have cell-specific SIB configuration of puncturing for both unicast and broadcast transmissions (e.g., PBCH, SIB, random access, paging). Possibly, this can be overridden by UE-specific RRC configuration of puncturing for unicast transmissions. The higher layer signaling can indicate whether the feature is supported, and how many subcarriers on the right-edge or left-edge of the PRBs are punctured. 
Regarding the number of subcarriers to puncture, one can note that this typically is different depending on whether the LTE-M PRB is located below or above the DC subcarrier, see Figure 4. The center part with grey boxes illustrate the PRB grid for NR to use as reference, and the other rows indicate different LTE-M PRB locations. In the row immediately above the NR one, PRBs to the left are aligned with the NR grid, whereas the PRBs to the right are shifted by one subcarrier due to the DC subcarrier. When applying puncturing in this case, there is no need to puncture any subcarriers in the PRBs aligned with the NR grid, i.e. below the DC subcarrier, but only apply the puncturing of one subcarrier for the PRBs above the DC subcarrier. This is indicated by the “+1” to the left in the figure. Similarly, for the row below the NR grid, a “-1” indicates that one subcarrier is punctured below the DC subcarrier but none above. For the rows marked “-2” and “+2”, one less subcarrier is punctured in PRBs on the other side of the DC subcarrier. 
[image: ]
[bookmark: _Ref21098687]Figure 4: An illustrative example of  number of subcarriers to puncture for different PRB locations.

[bookmark: _Toc20908531][bookmark: _Toc21097138][bookmark: _Toc21097368][bookmark: _Toc21097524][bookmark: _Toc21098131][bookmark: _Toc21099551][bookmark: _Toc21100855][bookmark: _Toc21076892]The subcarrier puncturing feature is configured via SIB.
[bookmark: _Toc21076893]The behavior configured via SIB can be overridden for unicast PDSCH and MPDCCH transmissions via dedicated RRC signaling. 
[bookmark: _Toc21076894]Configuration parameters can indicate the number of LTE-M subcarrier(s) which need to be punctured,  using { +1, +2} values for puncturing one or two subcarriers on the right-edge of PRBs or narrowband, and  { -1, -2}  values for puncturing one or two subcarriers on the left-edge of PRBs or narrowband. 
[bookmark: _Toc21076895]An indicated positive number of subcarriers applies to PRBs above the DC subcarrier, and an indicated negative number of subcarriers applies to PRBs below the DC subcarrier. On the other side of the DC subcarrier, one less subcarrier is punctured. 
[bookmark: _Toc21076896]A configuration parameter indicates whether the puncturing is applied at the narrowband edges or also within narrowbands (per transmission for PDSCH and per PRB set for MPDCCH).

Puncturing of DMRS, CSI-RS and SFBC

DMRS
In LTE-M, Demodulation Reference Signals (DMRS) are used for channel estimation and coherent demodulation at UE. The DMRS are configured per device and can be used for demodulation of PDSCH or MPDCCH. DMRS can be transmitted to different UEs from up to four antenna ports (7–10 for PDSCH and 107–110 for MPDCCH). The time-frequency locations of DMRS in affected PRBs are shown in Figure 5. As we can see, there are 12 REs for DMRS within a PRB transmitted from an antenna port. 
Given the structure of the DMRS, in case of puncturing one LTE-M outlying subcarrier, four REs carrying DMRS might be punctured. This corresponds to one-third of the 12 DMRS REs (at one antenna port) which can have a significant impact on the channel estimation and demodulation performance. 

[image: ]
[bookmark: _Ref18777841]Figure 5: DMRS locations in LTE-M.


[bookmark: _Toc20908535][bookmark: _Toc21076897]Outlying subcarrier(s) that carry LTE-M DMRS are not punctured.


CSI-RS
Channel State Information Reference Signal (CSI-RS) which was introduced in LTE Rel-10 is used by the UE for acquiring channel state information (CSI) and reporting back to eNB. CSI-RS is used for ordinary LTE UEs configured with DL transmission modes 9 and 10 and can also (since Rel-16) be used by LTE UEs configured with DL transmission mode 9 in CE mode A.  The CSI feedback is less critical to the DL link performance than the CRS/DMRS reception, so it may be acceptable to puncture the CSI-RS. Furthermore, there are several ways to configure CSI-RS resources, where some of the configurations entirely avoid CSI-RS resources on the outer 1 or 2 subcarriers. 

SFBC
Space Frequency Block Coding (SFBC) is used for the purpose of transmit diversity. In SFBC two consecutive modulation symbols are mapped directly to two adjacent REs in frequency domain.
[image: ]
Figure 6: SFBC for two antenna ports.

In order to resolve the encoded SFBC block correctly, both REs (in SFBC RE pair) need to be available. Hence, if one of the REs is punctured, the other RE is not effective for SFBC. Since SFBC is applied to multiple REs, puncturing at most two REs will not have a significant impact on the performance of the transmit diversity.

[bookmark: _Toc21076898]SFBC RE pair can be punctured.

[bookmark: _Toc21076899]If one of the REs in an SFBC RE pair is punctured, the other RE is not used.  

Improved LTE-M resource reservation
There may be several cases where it would be beneficial if the LTE-M system avoids resources that are desired to be used by an NR system. In some cases, it is enough to handle this by having the LTE-M and NR schedulers divide the resources on a PRB and subframe/slot level, but in some cases, it may also be useful if LTE-M and NR transmission can coexist within the same PRBs. 

Handling LTE-M DMRS
In RAN1-98, it was agreed to support LTE-MTC DL time-domain resource reservation with a finer granularity than slot level, and to drop transmissions in these reserved resources. Considering the relatively sparse time-frequency structure of DMRS within a PRB as well as NR flexibility, it should be possible to avoid collision between DMRS and NR essential signals/channels. Therefore, to prevent LTE-M performance loss, LTE-M DMRS is not reserved. That is, when reserving LTE-M symbols, we do not reserve symbols carrying DMRS.
[image: ]
Figure 7: DMRS locations in LTE-M.

[bookmark: _Toc21076886]Collision between DMRS and NR essential signals/channels can be avoided by proper time-frequency resource allocations. 
[bookmark: _Toc21076900]LTE-M resource reservation is not applied to symbols that carry DMRS.

DL frequency-domain resource reservation
Introducing frequency-domain LTE-M resource reservation will be useful for improving resource utilization.  However, frequency domain LTE-M resource reservation is only useful when LTE-M PRBs partially overlap with NR signals/channels, as illustrated in Figure 8. When LTE-M is fully inside resources used for NR signals/channels, time-domain resource reservation is sufficient (e.g., when LTE-M fully overlaps with SSB in frequency domain). In case of reserving only a portion of frequency-domain LTE-M resources, there is negative impact on the performance as some of the LTE-M DMRS are lost.
Also, the overhead of PRB-level resource reservation along with time-domain can be significant for LTE-M. It should be noted that the performance of LTE-M is being improved by introducing symbol-level resource reservation. Hence, considering the overhead of the PRB-level resource reservation as well as its limited effectiveness, there is no need to introduce PRB-level in addition to the symbol-level resource reservation.


[image: ]
[bookmark: _Ref19199557]Figure 8: NR and LTE-M overlap.


[bookmark: _Toc21076901]Frequency-domain LTE-M resource reservation in DL is not supported. 

UL time-domain resource reservation
In the coexistence scenario, NR uplink signals/channels (e.g., PRACH and SRS) can be protected by proper scheduling. While finer granularity of resource reservation in UL is beneficial for resource utilization, it is not as important as in DL (where we have NR SSB and CORESET). In UL, using proper scheduling and invalid subframes would be sufficient to avoid collision between NR and LTE-M.
Let’s consider PRACH which is used to carry random access preamble from UE to gNB to allow uplink timing synchronization between UE and gNB. For the random-access preamble, NR supports two different sequence lengths with various formats. The time-frequency structure of PRACH depends on the length of sequence as well as the format configuration. For long preamble (suitable for large cells), PRACH can occupy 6 or 24 RBs, depending on the subcarrier spacing. For short preamble (suitable for normal/small cells), PRACH spans over 12 RBs. Depending on NR and LTE-M system bandwidths, overlap between LTE-M and NR PRACH in UL can be avoided in frequency domain. For example, in coexistence of 10 MHz NR (with 52 RBs) and 1.4 MHz LTE-M, collision between UL LTE-M and NR PRACH can be prevented by allocating different RBs. For challenging bandwidth combinations (e.g., 5 MHz NR with 1.4 MHz LTE-M), invalid LTE-M subframe configuration in UL can be used to protect PRACH. 
In the coexistence of LTE-M with URLLC transmissions, slot or symbol-level resource reservation might be beneficial for LTE-M resource efficiency if URLLC occupies only small number of symbols and the remaining LTE-M resources are not used for other purposes. However, in principle, a slot can be used for multiple URLLC and eMBB transmissions thus avoiding wasting unused LTE-M resources. Therefore, there is no actual need to support slot-level and/or symbol-level LTE-M resource reservation in uplink.   


[bookmark: _Toc7793747][bookmark: _Toc21076887]Overlap between NR PRACH and LTE-M in uplink can be avoided in frequency and/or time domain by the scheduler or, if needed, by using UL invalid LTE-M subframe configuration. 
[bookmark: _Toc7793754][bookmark: _Toc21076902]No finer resource reservation granularity than the existing subframe-level is needed in uplink.

Using DCI for resource reservation
LTE-M time-frequency resource reservation is semi-statically configured. Such semi-static configuration is particularly useful for periodic and non-dynamically scheduled NR transmissions. Note that, since DCI can only affect the PDSCH/PUSCH, not the MPDCCH, we need to have a higher-layer solution that does not only rely on DCI signaling.
[bookmark: _Hlk18843416]Dynamic DCI signaling can be beneficial in case of aperiodic NR transmissions (e.g., CSI-RS) and dynamic TDD scenarios. DCI can be used for dynamic activation/deactivation of semi-statically configured reserved LTE-M resources. Moreover, DCI can be used to change the Rel-13 invalid subframes to valid and vice-versa.

[bookmark: _Toc21076888]DCI can be used for dynamic activation/deactivation of semi-statically configured reserved LTE-M resources.
[bookmark: _Toc21076903]If a new DCI bit is introduced, it can be used to make some or all of the Rel-13 invalid subframes valid for the duration of the scheduled PDSCH/PUSCH transmission.

Configuring valid LTE-M subframes using new signalling
[bookmark: _Hlk13565170]A flexible way to indicate reserved resources in LTE-M is to use a set of bitmaps. In particular, a bitmap with a specific length can point out to time-domain resources (symbols, slots, or subframes) which should not be used by LTE-M UEs (an illustrative example is shown in Figure 9). In the current LTE-M system the bitmap length is 10 or 40 bits for indicating valid/invalid subframes within one or four frames.  We can have a two-level bitmap (bitmap 1 and bitmap 2) in which the first bitmap indicates the subframes and the second bitmap shows the reserved symbols within those subframes identified by the first bitmap. In general, the granularity of the second level resource reservation can be one OFDM symbol, two symbols, seven symbols, or 14 symbols. The one-symbol granularity is the smallest granularity, the seven-symbol granularity is slot-level, and 14-symbol granularity is the existing subframe-level resource reservation. Therefore, such two-level bitmap signaling can configure existing Rel-13 parameters for LTE-M valid subframe configuration and MBSFN configuration.

[image: ]
[bookmark: _Ref11759651]Figure 9: LTE-M resource reservation using bitmap (an illustrative example).

To ensure proper operation of LTE-M, we should avoid reserving resources used for essential LTE-M signals. Specifically, symbols used for LTE-M DMRS and CRS should not be reserved (see Figure 10 as an example). Another advantage of this scheme is that it reduces the overhead of LTE-M resource reservation by e.g., decreasing the bitmap length needed for reserving symbols within a subframe. 
[image: ]
[bookmark: _Ref20838453]Figure 10: Example of LTE-M resource reservation excluding CRS.

Here, we present representative results on the overhead of time-domain resource reservation using two-level bitmap scheme (using bitmap 1 and bitmap 2).  Table 1 lists the length of bitmaps for a bitmap-based LTE-M resource reservation that excludes CRS for two antenna ports.

[bookmark: _Ref16526773]Table 1: Bitmap length for various granularities of LTE-M resource reservation (two-level bitmap case).
	Granularity of resource reservation
	Bitmap 1 length
	Bitmap 2 length for each partially-valid subframe

	One OFDM symbol
	10 (within one frame), or 40 (within four frames)
	10

	Five-symbol
	10 (within one frame), or 40 (within four frames)
	2

	Pair of three- symbol and two-symbol
	10 (within one frame), or 40 (within four frames)
	4

	Subframe-level (14 OFDM symbols)
	10 (within one frame), or 40 (within four frames): existing Rel.13 invalid/valid subframes
	No need for bitmap 2




[bookmark: _Toc13562344][bookmark: _Toc21076889]One way to indicate LTE-M resource reservation is via bitmap which is already used for invalid/valid subframes.
[bookmark: _Toc11834990][bookmark: _Toc13562345][bookmark: _Toc21076890]The bitmap length for reserving LTE-M time-domain resources depends on the granularity of resource reservation as well as the number of subframes (e.g., one or four) in which the resources are reserved.
[bookmark: _Toc21076891]The two-level bitmap can configure existing Rel-13 parameters for LTE-M valid subframe configuration and MBSFN configuration.
[bookmark: _Toc21076904]Symbols carrying LTE-M DMRS and CRS are not reserved.
[bookmark: _Toc21076905]A bitmap-based scheme is used for reserving LTE-M resources.
[bookmark: _Toc16785869]

Conclusions
In this contribution we have investigated the coexistence between NR and LTE-M systems. In summary, the following observations can be made:

Observation 1	Per-narrowband subcarrier puncturing is particularly useful when there is no dynamic resource sharing between NR and LTE-M (e.g., hard FDM in which 6 or 7 NR PRBs are allocated to LTE-M).
Observation 2	It may be useful to consider subcarrier puncturing per PRB-set (e.g., 2, 4, or 6 PRBs) for MPDCCH.
Observation 3	Per-narrowband subcarrier puncturing has lower complexity than the per-PRBs case (used for actual transmission).
Observation 4	The per-PRBs puncturing (used for actual transmission) provides flexibility and can be more effective (for resource utilization) than the per-narrowband and per-system bandwidth cases.
Observation 5	Collision between DMRS and NR essential signals/channels can be avoided by proper time-frequency resource allocations.
Observation 6	Overlap between NR PRACH and LTE-M in uplink can be avoided in frequency and/or time domain by the scheduler or, if needed, by using UL invalid LTE-M subframe configuration.
Observation 7	DCI can be used for dynamic activation/deactivation of semi-statically configured reserved LTE-M resources.
Observation 8	One way to indicate LTE-M resource reservation is via bitmap which is already used for invalid/valid subframes.
Observation 9	The bitmap length for reserving LTE-M time-domain resources depends on the granularity of resource reservation as well as the number of subframes (e.g., one or four) in which the resources are reserved.
Observation 10	The two-level bitmap can configure existing Rel-13 parameters for LTE-M valid subframe configuration and MBSFN configuration.

Based on our observations and the discussion in the paper we have the following proposals:

Proposal 1	The subcarrier puncturing feature is configured via SIB.
Proposal 2	The behavior configured via SIB can be overridden for unicast PDSCH and MPDCCH transmissions via dedicated RRC signaling.
Proposal 3	Configuration parameters can indicate the number of LTE-M subcarrier(s) which need to be punctured,  using { +1, +2} values for puncturing one or two subcarriers on the right-edge of PRBs or narrowband, and  { -1, -2}  values for puncturing one or two subcarriers on the left-edge of PRBs or narrowband.
Proposal 4	An indicated positive number of subcarriers applies to PRBs above the DC subcarrier, and an indicated negative number of subcarriers applies to PRBs below the DC subcarrier. On the other side of the DC subcarrier, one less subcarrier is punctured.
Proposal 5	A configuration parameter indicates whether the puncturing is applied at the narrowband edges or also within narrowbands (per transmission for PDSCH and per PRB set for MPDCCH).
Proposal 6	Outlying subcarrier(s) that carry LTE-M DMRS are not punctured.
Proposal 7	SFBC RE pair can be punctured.
Proposal 8	If one of the REs in an SFBC RE pair is punctured, the other RE is not used.
Proposal 9	LTE-M resource reservation is not applied to symbols that carry DMRS.
Proposal 10	Frequency-domain LTE-M resource reservation in DL is not supported.
Proposal 11	No finer resource reservation granularity than the existing subframe-level is needed in uplink.
Proposal 12	If a new DCI bit is introduced, it can be used to make some or all of the Rel-13 invalid subframes valid for the duration of the scheduled PDSCH/PUSCH transmission.
Proposal 13	Symbols carrying LTE-M DMRS and CRS are not reserved.
Proposal 14	A bitmap-based scheme is used for reserving LTE-M resources.
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