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Introduction
In the work item on “Additional MTC enhancements for LTE” [1] one of the objectives is to study NR and LTE specifications to identify possible issues related to coexistence of LTE-M with NR.
The following agreements were made for LTE-MTC in RAN1 #95.
	· RAN1 continues to study the following techniques for performance improvements of resource block alignment until the next meeting:
· [bookmark: _Hlk519034]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)

· [bookmark: _Hlk534376868]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

· [bookmark: _Hlk457907]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 focus on the following aspects in the coexistence of NR with LTE-M: 1) Performance improvements of resource block alignment, 2) Feasible system bandwidths’ combinations in NR and LTE-M coexistence, 3) LTE-M resource reservation, 4) LTE-M transmission outside the legacy LTE system bandwidth, and 5) Analyzing the subcarrier alignment between LTE-M and  NR when using different numerologies (e.g., subcarrier spacing).

Techniques for performance improvements of resource block alignment
Due to presence of a DC subcarrier in LTE-M, a perfect RB alignment between LTE-M and NR is not 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, an extra LTE-M subcarrier leads to the use of an additional NR resource block. However, it is possible to use other techniques to ensure overlapping with 6 (or less) NR resource blocks rather than 7 when deploying LTE-M. The potential techniques can be considered:

1) Puncturing of resource elements at the outlying subcarrier
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Figure 1: RB misalignment between NR and LTE-M.

We can puncture one outlaying NR subcarrier or outlaying LTE-M subcarrier to avoid using one extra RN RB due the RB misalignment between NR and LTE-M. By puncturing we refer to the case where the base station avoids transmitting either the subcarrier belonging to NR or to LTE-M with or without informing the UEs. This will cause somewhat degraded performance for the UE whose transmission is punctured, but the eNB/gNB scheduler is aware of this, and may compensate by proper adjustment of code rates etc. 

2) Rate-matching around the outlying subcarrier

Rate-matching around the outlying subcarrier can be done for either NR UE or LTE-M UE. This will require additional signaling between a based station and its UE. Rate-matching around the outlying subcarrier can improve the performance in terms of Block Error Rate (BLER) compared to puncturing. However, its implementation complexity and signaling overhead must be considered in NR and LTE-M coexistence. In terms of resource utilization performance, there may not be a significant difference between puncturing and rate-matching methods.

3) Utilizing some portion of NR guard band:
In this case, a portion of the LTE-M carrier can be placed in the NR guard band. Hence, the number of NR RBs that must be reserved for LTE-M can be reduced.
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[bookmark: _Ref526245583]Figure 2: Using NR guard band for deploying LTE-M.

By exploiting NR guard band, it is possible to use 4, 5, or 6 NR RBs for LTE-M. The advantage of this approach over the puncturing (or rate matching) method is that we can use less than 6 NR RBs for LTE-M. Hence, it leads to a higher NR resource utilization. Nevertheless, RAN4 studies are needed to confirm its feasibility.  

Observation 1	To maximize the resource utilization and minimize the impact of RB misalignment between NR and LTE-M, using a portion of NR guard band can be more promising than the puncturing and rate matching methods.

Proposal 1	RAN1 may request RAN4 to study the feasibility of using NR guard band for placing LTE-M.     

LTE-M transmission outside legacy LTE system bandwidth
In order to improve the resource utilization performance of NR and LTE-M coexistence, LTE-M can transmit outside the legacy LTE system bandwidth. In particular, we can consider the following:
· CRS reduction: Instead of transmitting CRS over full LTE bandwidth, it can be transmitted  on bandwidths smaller than the entire bandwidth which can be used by LTE-M UEs. As a result, the number of NR resources that should be reserved for LTE-M CRS can be reduced. This, in turn, improves NR resource utilization when coexisting with LTE-M.

· Limiting SIB1-BR frequency hopping: The frequency hopping feature of SIB1-BR in LTE-M increases the number of NR reserved resources for accommodating LTE-M. The NR resource utilization can be improved by reducing the range of SIB-1-BR frequency hopping.

Addressing resource blocks in narrowbands outside the system bandwidth will require some changes to the specification, including the DCI formats with increased number of bits to address the NB allocation for a given system bandwidth. Furthermore, it may lead to more a dynamic mixing of LTE-M and NR allocations, which in turn may have impacts on RAN4 requirements.  
Observation 2	LTE-M transmission outside the LTE system bandwidth may enhance the NR resource efficiency in coexistence with LTE-M by reducing overhead of, e.g., CRS and SIB1-RB frequency hopping. However, benefits and feasibility may require further RAN1 and RAN4 studies.
System bandwidth combinations in NR and LTE-M
Subcarrier grid alignment
In LTE-M there is a subcarrier in the center of the DL system bandwidth called the DC subcarrier, as shown in Figure 3. In this case, LTE-M carrier is placed on the DC subcarrier. 
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[bookmark: _Ref525745195]Figure 3: DC subcarrier in LTE-M. (an example of an even number of PRBs within the LTE carrier)

Now, we find a condition under which NR and LTE-M subcarrier alignment in DL is achieved.
Let k be an integer that represents the NR subcarrier index relative to NR channel raster (i.e., NR carrier). Clearly, the NR subcarriers are located at frequencies 100m+15k [kHz]. the possible locations for the LTE-M carrier can be given by .  Considering the fact that an LTE-M carrier (which is on the DC subcarrier) can be placed at 100n kHz (n is an integer), to achieve NR and LTE-M DL subcarrier grid alignment we should have:

Let k* be the index of an NR subcarrier on which LTE-M carrier can be placed. From the above equation, we see that k* is in a set of all integer numbers generated by   which are given by:
		

Hence, we can satisfy subcarrier orthogonality and raster requirement by placing the LTE-M carrier center on the following frequencies, relative to NR channel raster:

where   is an integer.

Avoiding overlap between LTE-M and NR SSB
In NR, the Synchronization Signal Block (SS block or SSB) consists of synchronization signals (PSS and SSS) and PBCH. Time synchronization and frequency synchronizations are done using PSS and SSS. Also, PBCH carries basic system information such as master information block (MIB) and determines essential parameters for initial access of the cell including the downlink system bandwidth, and the system frame number.
In frequency domain, one SSB block occupies 20 contiguous resource blocks which is equivalent to 240 subcarriers. In time domain, one SSB block spans over 4 OFDM symbols. Among the four symbols, one symbol is for PSS, one symbol is for SSS, and 2 symbols are for PBCH. Figure 4 illustrates the time and frequency structure of the NR SSB block. 
To support initial access and beam management, NR supports SS burst set which consists of multiple SS blocks confined within a 5 ms window. Depending on the NR configuration, up to 64 SS blocks can be transmitted within a SS burst set.
The possible locations of SSB within an NR carrier can be identified based on the synchronization raster.
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[bookmark: _Ref527646860]Figure 4: SSB block structure in NR.

In the following, given the location NR SSB, we determine the possible positions of an LTE-M carrier that the LTE-M resource block does not overlap with the NR SSB.
According to [2], for below 3 GHz NR frequency bands, the synchronization raster is located on the following frequencies:



where  is an integer, and .  

Also,  is located on the first subcarrier of the RB number 10 of the SSB block (which corresponds to 11th  RB of the SSB block). 
Therefore, the minimum and maximum frequencies of the SSB (i.e., SSB edges), based on Figure 5, are:




Note that each RB consists of 12 subcarriers which is equivalent to 180 kHz.
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[bookmark: _Ref527988189]Figure 5: Position of SSREF in SSB.

Now, we identify the possible locations of an LTE-M carrier center such that while ensuing the subcarrier grids alignment between LTE-M and NR, the LTE-M RB do not overlap with NR SSB. As we can see from Figure 6, overlap with SSB can be avoided if the entire LTE-M carrier is placed at higher or lower frequencies than the NR SSB. In NR, the location of SSB is flexible and it can be placed in various locations. Intuitively, to avoid overlap with SSB while deploying LTE-M inside NR, placing SSB close to NR carrier edges is preferred. This is because there will be a larger contiguous NR band for deploying the LTE-M carrier. 
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[bookmark: _Ref528140060]Figure 6: Feasible locations of an LTE-M carrier to avoid overlap with NR SSB in coexistence scenario ( is LTE-M channel bandwidth).

Next, for various combinations of NR and LTE-M channel bandwidths, we show the possibility of deploying the LTE-M carrier center inside the NR carrier that satisfy: 1) subcarrier grids alignment, 2) LTE-M raster requirement, 3) avoiding overlap of LTE-M with NR SSB.

Table 1 shows the feasibility of deploying LTE-M inside NR for various bandwidths combinations. For LTE-M we list the number of resource blocks. For NR we present the channel bandwidths as well as the number of resource blocks in each channel bandwidth. As we can see from this table, a 5 MHz NR carrier is not suitable for accommodating an LTE-M carrier, mainly due to existence of the NR SSB which occupies 20 RBs.

[bookmark: _Ref535248080]Table 1: Feasibility of deploying LTE-M inside NR for different bandwidths combinations.
	
	 LTE-M channel bandwidth (including DC subcarrier)
	1.095 MHz
(6 RBs)
	2.715 MHz
(15 RBs)
	4.515 MHz
(25 RBs)
	9.015 MHz
(50 RBs)
	13.515 MHz
(75 RBs)
	18.015
MHz
(100 RBs)

	NR channel bandwidth
	
	
	
	
	
	
	

	5 MHz
(25 RBs)
	
	Not feasible
	Not feasible
	Not feasible
	Not feasible
	Not feasible
	Not feasible

	10 MHz
(52 RBs)
	
	Feasible 
	Feasible
	Feasible
	Not feasible
	Not feasible
	Not feasible

	15 MHz
(79 RBs)
	
	Feasible 
	Feasible
	Feasible
	Feasible
	Not feasible
	Not feasible

	20 MHz
(106 RBs)
	
	Feasible 
	Feasible
	Feasible
	Feasible
	Feasible 
	Not feasible

	25 MHz
(133 RBs)
	
	Feasible 
	Feasible
	Feasible
	Feasible
	Feasible 
	Feasible 

	30 MHz
(160 RBs)
	
	Feasible 
	Feasible
	Feasible
	Feasible
	Feasible 
	Feasible 

	40 MHz
(216 RBs)
	
	Feasible 
	Feasible
	Feasible
	Feasible
	Feasible 
	Feasible 

	50 MHz
(270 RBs)
	
	Feasible 
	Feasible
	Feasible
	Feasible
	Feasible 
	Feasible 




Observation 3	Subcarrier grid alignment, LTE-M channel raster requirement, and the ability to transmit the NR SSB limit the feasible combinations of LTE-M and NR channel bandwidths.

Observation 4	In order to place the smallest LTE-M carrier (with 6 RBs) in NR, NR channel bandwidth must be at least 10 MHz. In order to place the largest LTE-M carrier (with 100 RBs), NR channel bandwidth must be at least 25 MHz.
[bookmark: _Hlk1036352]
Resource reservation in LTE-M
The NR SSB discussed above is one of the crucial components in an NR carrier that needs to be considered when deploying LTE-M carriers in the same band. There may be also other cases where it would be beneficial if the LTE-M system avoids resources that are desired to be used by an NR system. In many cases, it is sufficient 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. 
[bookmark: _Hlk1041049]One example where it may be beneficial to be able to use LTE-M and NR in the same PRB is where NR is transmitting the initial CORESET associated with the NR Type0-PDCCH search space, which occurs in a regular pattern depending on the configuration in NR. This initial CORESET can be configured in several ways related to the location and size in terms of number of OFDM symbols and number of PRBs in frequency domain. For example, one configuration extends over one OFDM symbol and 48 PRBs, i.e. essentially the full system bandwidth in a 10 MHz carrier with 15 kHz subcarrier spacing. One way to solve the coexistence is to avoid LTE-M transmission in all such subframes, for example by declaring them as non-BL/CE DL subframes. This may, however, restrict the resources available for LTE-M in an undesired way. Similarly, the initial CORESET can be placed in one of the first few symbols and have these reserved for an LTE-M UE by defining these symbols to correspond to the LTE control region size. Again, this may lead to unnecessary unused resources for LTE-M in some scenarios, for example in subframes where the initial CORESET is not transmitted.
Another option is to have the eNB transmitting the LTE-M signal avoid the resource elements overlapping with the transmission pattern of the initial CORESET. It may then be beneficial for a Rel-16 UE to be notified on this pattern in order not to degrade the performance by configuring reserved resources for NR. 
In addition to resource reservations to accommodate the initial CORESET, it may be beneficial to have resource reservations also for other NR resources, for example CSI-RS and TRS. The main benefit would then be to allow a Rel-16 LTE-M UE to rate match around those resources when scheduled in the same PRBs. Since a legacy LTE-M UE (Rel-13/14/15) is not aware of these resources, it may not be able to perform such rate matching, and therefore an LTE-M scheduler may try to avoid this altogether for legacy devices, or at least account for an expected performance loss. 
Observation 5	It may be beneficial to introduce reserved resources in LTE-M to enable rate matching around NR resources, such as, for example initial CORESET, CSI-RS and TRS.

Proposal 2	RAN1 to study suitable mechanism for reserving resources in LTE-M to accommodate at least some of an NR initial CORESET, NR CSI-RS and NR TRS. 

One particular situation a stand-alone LTE-M deployment scenario, as studied within a separate work item objective [6]. In this case, there is no legacy LTE control region transmitted, but instead the initial symbols can be used for LTE-M MPDCCH and PDSCH transmissions targeting Rel-16 UEs. Having configurable use of this region may then be beneficial, as discussed in [6]. However, since the reserved NR resources may be useful also in other scenarios as mentioned above, we propose that resource reservation and other mechanisms related to LTE-MTC and NR coexistence primarily are studied in a more general way within the scope of the coexistence WI objective. 

Proposal 3	RAN1 considers potential synergies between LTE-M resource reservation for the purpose of NR coexistence (one of the WI objectives) and flexible MPDCCH/PDSCH usage in the LTE control region for the purpose of Stand-alone LTE-M operation (another WI objective).

[image: ]
Figure 7: NR CORESET and LTE control region.


Subcarrier orthogonality between LTE-M and NR with 30 kHz subcarrier spacing
Compared to LTE numerology where only one type of subcarrier spacing (15 kHz) is considered, NR supports different types of subcarrier spacing. Consequently, slot (or mini-slot in NR) length can be different between NR and LTE-M, depending on numerology. Here, we investigate the coexistence of NR and LTE-M for 30 kHz NR subcarrier spacing. For the 30 kHz NR subcarrier spacing case, orthogonal OFDM symbol duration and subframe duration are shown in Figure 8. In NR, frame, subframe, and slot are, respectively, 10 ms units, 1 ms units, and 14 OFDM symbols. Clearly, slot duration and number of slots in each subframe depends on the subcarrier spacing.
[image: ]
[bookmark: _Ref525727031]Figure 8: Frame structure in NR for 30 kHz subcarrier spacing.
In LTE-M the subcarrier spacing is 15 kHz. Therefore, we cannot easily maintain full orthogonality between NR and LTE-M in case of 30 kHz NR subcarrier spacing. Nonetheless, it is possible to significantly reduce interference by maximizing the number of aligned subcarriers between NR and LTE-M. 
One LTE-M resource block includes 12 subcarriers which is equivalent to a 180 kHz bandwidth. One NR resource block with 12 subcarriers and 30 kHz subcarrier spacing occupies a 360 kHz bandwidth. In this case, placing LTE-M RB within an NR RB can enhance the resource efficiency thus reducing overhead in the LTE-M and NR coexistence.
In Table 2 we list the frequency bands used by both NR and LTE-M [1,2].  For each band, we show the possible channel bandwidths for 30 kHz subcarrier spacing. As we can see from Table 2, the possible supported NR channel bandwidths for NR and LTE-M coexistence are: 10, 15, 20, 25, 30, 40, 50, 60, 80, and 100 MHz.
[bookmark: _Ref525729443]Table 2: Frequency bands used by both NR and LTE-M
	Band
	Downlink (DL) 

	Channel bandwidth for 30 kHz NR subcarrier spacing [MHz]
	Raster step
[kHz]

	1
	2110 - 2170 MHz
	10, 15, 20
	100

	2
	1930 - 1990 MHz
	 10, 15, 20
	100

	3
	1805 - 1880 MHz
	10, 15, 20, 25, 30
	100

	5
	869 - 894 MHz
	10, 15, 20
	100

	7
	2620 - 2690 MHz
	10, 15, 20
	100

	8
	925 - 960 MHz
	10, 15, 20
	100

	12
	729 - 746 MHz
	10, 15
	100

	20
	791 - 821 MHz
	10, 15, 20
	100

	25
	1930 - 1995 MHz
	10, 15, 20
	100

	28
	758 - 803 MHz
	10, 15, 20
	100

	40
	2300 - 2400 MHz 
	10, 15, 20, 25, 30, 40, 50, 60, 80, 100
	100

	66
	2110 - 2200 MHz
	10, 15, 20
	100

	71
	617 - 652 MHz
	10, 15, 20
	100




Next, we find a condition under which the maximum alignment between NR and LTE-M DL subcarrier grids is achieved. 
In our considered scenario, due to the different subcarrier spacing (i.e., 15 kHz LTE-M vs. 30 kHz NR) in NR and LTE-M systems, it is not possible to have a full subcarrier grids alignment between NR and LTE-M.  Nevertheless, we can find the optimal locations of an LTE-M carrier such that the maximum subcarrier grids alignment is achieved in NR and LTE-M coexistence.  As shown in Figure 9, the maximum alignment between NR and LTE-M subcarrier grids is achieved when every two LTE-M subcarrier aligns with an NR subcarrier. 
[image: ]
[bookmark: _Ref527472703]Figure 9: Subcarrier grids for NR and LTE-M.


[bookmark: _Hlk534376294]Let  and  be subcarrier spacing and symbol duration (excluding the cyclic prefix) of NR. Also,  and  are subcarrier spacing and symbol duration (excluding the cyclic prefix) of LTE-M. We have:






Now, we explore the orthogonality between NR and LTE-M subcarriers. Let  be an LTE-M modulated symbol on subcarrier . The interference from subcarrier n of LTE-M on subcarrier m of NR is:




To ensure orthogonality and avoid intercarrier interference, we should have: 



Clearly, the above condition can be satisfied when n is even. Therefore, the potential interference from LTE-M on NR is not completely eliminated when both use the same resources.

Let  be an NR modulated symbol on subcarrier . The interference from subcarrier m of NR on subcarrier n of LTE-M is:





To ensure orthogonality and avoid intercarrier interference, we should have: 



The above condition can be always satisfied when n and m are integers. As a result, with this subcarrier alignment scheme, the potential interference from NR on LTE-M is eliminated. Moreover, this approach mitigates interference from LTE-M on NR by maximizing the number of aligned subcarriers between these two systems.   

Observation 6	When deploying LTE-M inside NR with 30-kHz subcarrier spacing, it is possible to avoid interference from an NR BS on LTE-M UE by intelligent deployment of the LTE-M carrier. However, guard band will be required around the LTE-M carrier to mitigate interference from an LTE-M BS on an NR UE. The guard band can be minimized by placing LTE-M near the center of an NR RB.

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

Observation 1	To maximize the resource utilization and minimize the impact of RB misalignment between NR and LTE-M, using a portion of NR guard band can be more promising than the puncturing and rate matching methods.
Observation 2	LTE-M transmission outside the LTE system bandwidth may enhance the NR resource efficiency in coexistence with LTE-M by reducing overhead of, e.g., CRS and SIB1-RB frequency hopping. However, benefits and feasibility may require further RAN1 and RAN4 studies.
Observation 3	Subcarrier grid alignment, LTE-M channel raster requirement, and the ability to transmit the NR SSB limit the feasible combinations of LTE-M and NR channel bandwidths. 
Observation 4 	In order to place the smallest LTE-M carrier (with 6 RBs) in NR, NR channel bandwidth must be at least 10 MHz. In order to place the largest LTE-M carrier (with 100 RBs), NR channel bandwidth must be at least 25 MHz.
Observation 5	It may be beneficial to introduce reserved resources in LTE-M to enable rate matching around NR resources, such as, for example initial CORESET, CSI-RS and TRS.
Observation 6	When deploying LTE-M inside NR with 30kHz subcarrier spacing, it is possible to avoid interference from an NR BS on LTE-M UE by intelligent deployment of the LTE-M carrier. However, guard band will be required around the LTE-M carrier to mitigate interference from an LTE-M BS on an NR UE.  The guard band can be minimized by placing LTE-M near the center of an NR RB.

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

Proposal 1	RAN1 may request RAN4 to study the feasibility of using NR guard band for placing LTE-M.     
Proposal 2	RAN1 to study suitable mechanism for reserving resources in LTE-M to accommodate at least some of an NR initial CORESET, NR CSI-RS and NR TRS. 
Proposal 3	RAN1 considers potential synergies between LTE-M resource reservation for the purpose of NR coexistence (one of the WI objectives) and flexible MPDCCH/PDSCH usage in the LTE control region for the purpose of Stand-alone LTE-M operation (another WI objective).
[bookmark: _GoBack]
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