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1 Introduction

In RAN1 #86 it has been agreed that the number of sub-carriers per RB is constant, regardless the sub-carrier spacing (SCS) of the numerology. That implies that the RB width scales with the sub-carrier spacing. Now, since that has been decided, it must then be agreed upon on which frequencies it is allowed to allocate RBs for the numerologies supported by NR, i.e. the RB grid has to be defined. 
For TDM multiplexing between different numerologies, a nested RB grid has already been agreed in RAN1 #86, the scheme for FDM was FFS. In this contribution two proposals for FDM are compared, the first one applies the already agreed TDM scheme also for FDM whereas the second method applies the RB grid based on the15 kHz-SCS to all numerologies.  
In the second part of the contribution, methods are discussed how to handle inter-numerology interference (INI) for the case that two different numerologies are placed adjacently to each other in the frequency domain. Further details about these methods are summarized in the appendix.
2 Discussion
2.1 RB grid definition
In RAN1 #86, the RB grid for TDM has been agreed. It was decided that the RB grid for each numerology is fixed and that the grids for different numerologies are defined as subsets/supersets of the RB grid for SCS = 15 kHz in a nested manner. This is shown in Table 1 below which has been copied from the Chairman’s notes of RAN1 #86. 
	Agreements:
· In one carrier when multiple numerologies are time domain multiplexed,
· RBs for different numerologies are located on a fixed grid relative to each other
· For subcarrier spacing of 2n * 15kHz, the RB grids are defined  as the subset/superset of the RB grid for subcarrier spacing of 15kHz in a nested manner in the frequency domain
· Note that following numbering in the figure is just an example
· FFS: frequency domain multiplexing case
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Table 1 – Agreements on TDM - RB grid in RAN1 #86
How to define the RB grid for FDM has not been covered by the agreement from Table 1 and is still for further study. Two possibilities for FDM have been concluded in RAN1 #86, the first one was to adopt the same RB grid for FDM as it has been agreed for TDM, the second one was to open up the existing agreement for TDM, to find a new grid for FDM and to apply that also for TDM. These two options are shown in Table 2 below, which has been copied from the RAN1 #86 chairman notes. 
	Conclusions:
· Proponents are encouraged to study followings
· Alt. 1: Adopt RB grid for FDM as it is agreed in TDM
· Alt. 2: Use RB grid corresponding to the reference numerology for FDM, applied the same grid to TDM, and revisit above agreements for TDM


Table 2 – RAN1 #86 conclusions on how to move on for the FDM - RB grid
From the above mentioned conclusions, one important observation is made:
Observation 1: The RB grid shall be the same for FDM and TDM
The majority of companies during RAN1 #86 supported to use the already agreed TDM grid also for FDM. Benefits of this solution are:
· The RB allocation for one UE does not depend on the scheduling decisions that made for other UEs that are multiplexed in an FDM fashion
· RBs for the same numerologies but transmitted from different eNBs are aligned. This makes it easier for reference symbol design and to apply ICIC schemes.
The RB alignment between different eNBs is illustrated below in Figure 1:
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Figure 1 – Nested RB grids ensures RB alignment across multiple eNBs
Observation 2: A nested RB grid structure for FDM ensures RB alignment among different eNBs 
An alternative proposal to the nested RB grids had been brought up during RAB1 #86. In that counter proposal the RB grid for the reference numerology should be applied to the RBs from all numerologies. This would give a finer granularity when mapping numerologies with wider RBs. A drawback with that scheme is that the RB allocation for a given numerology becomes dependent on the scheduling decisions for other numerologies. And as a consequence it cannot be guaranteed that RBs for the same numerology are aligned across multiple eNBs. This is illustrated in Figure 2 below. In that scheme, the wider RBs shall be allocated as close as possible to the narrower RBs. For illustration, it is assumed that the minimum gap between them is one narrow-RB. From Figure 2 it can be seen that the narrower 15-kHz based RBs still are aligned between eNB1 and eNB2, but the wider 60 kHz based RBs are not aligned anymore. 
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Figure 2 – Using the 15 kHz-RB grid for the RBs of all numerologies leads to misalignment of RBs across multiple eNBs
Observation 3: The alternative option to use the RB grid derived from the 15 kHz SCS even for numerologies with wider RBs can lead to RB-misalignment across multiple cells.
The reason why the counter proposal had been brought up was that it was anticipated that frequency resources could be saved. With the nested approach it was feared that in some cases bandwidth between two multiplexed numerologies is wasted, i.e. that the gap between two adjacent numerologies would be larger than necessary. When applying the counter proposal with the finer granularity grid, it was thought that frequency resources could be saved. But this is not the case, since for the utilization of the frequency resources, not only the gap between two numerologies has to be considered, but the entirely available bandwidth. Considering the total bandwidth, the resource utilization is the same, no matter if the nested RB grid or the alternative proposal is applied. This is illustrated in Figure 3 below: The upper scheme shows the nested approach, 3 narrow RBs have to be left free between the scheduled narrow RBs and the wider RBs. On the other hand, the full BW is utilized.  The counter proposal would give less unused RBs between the two numerologies but leaves two narrow RBs unused at the end of the spectrum. 
Observation 4: Also for FDM, the nested RB grid does not waste resources.  
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Figure 3 – Nested grid and alternative proposal have the same resource utilization
Based on the above discussions and observations, we make the following proposal:
Proposal 1: Adopt RB grid for FDM as it is agreed in TDM  
2.2 Handling inter-numerology interference
When mapping RB(s) to an RB grid, one option is to place the RBs of different numerologies directly adjacent to each other.  In that case mutual interference due to frequency leakage cannot be neglected. To control the performance degradation caused by this inter-numerology interference, two approaches can be considered.
a) Lowering the MCS: frequency resources used for transmission apply a lower MCS.
b) Guard band (GB): some of the adjacent resources (RBs or sub-carriers) between two numerologies are used as guard band instead. The MCSs remain unchanged.
The adjacently located resources may suffer from severe interference. When lowering the MCS to be able to deal with the INI, 3 variants ate possible: a1) to lower the MCS for ALL RBs, a2) to lower the MCS only for the RBs that are affected by the transmission and a3) to lower the MCS only for the affected REs within a RB.  
According to the options a1-3) above, frequency resources could be used for transmission with reduced MCS. This would in theory guarantee the receiver performance.  However, the interference level in the adjacent resources between two numerologies would become a bottleneck for the overall spectral efficiency. This could certainly become more significant when the frequency resources of the whole band are scheduled dynamically between multiple numerologies and also in high load conditions. Also, as in a1, if the MCS would need to be reduced for all resources, the spectral efficiency will decrease due to the applied lower MCS for all resources, although most of the resources could support a higher MCS. For the options mentioned under a), if the numerologies would be FDM:ed in a static or semi-static manner, it is easier to obtain the appropriate MCS levels. However, when numerologies are multiplexed dynamically, it will be difficult to obtain the appropriate MCS levels.
Therefore, also option b) above, the introduction of guard sub-carriers, should be considered. In this approach, adjacent sub-carriers are punctured and used as guard-band (GB) between the numerologies. This means that the MCS used for the remaining resources is independent from the inter-numerology interference and can be selected more flexibly. Therefore, in these conditions, a guard band may be a better solution to mitigate the interference.
The more sub-carriers that are used as guard band the better also the interference between numerologies is eliminated. But, of course, the puncturing of sub-carriers also means a resource waste. Therefore, the guard band size selection is a careful tradeoff between the resource utilization and the performance of the interference elimination. Considering the complex deployment scenarios and diverse services supported in 5G, a configurable GB size is more preferable to fit better for different scenarios and to ensure forward compatibility. 
For the case that NR shall be deployed adjacently to LTE, the option b) to use a guard band with empty sub-carriers shows an advantage over the options a) when the MCS is lowered. Even when NR applies a lower MCS to cope with the interference, INI will still affect the performance of LTE. Here, it is better to introduce a guard band in NR and to avoid the INI. By doing so, LTE performance is not decreased. This is illustrated in Figure 4 below. 
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Figure 4 – For LTE coexistence, to lower NR MCS (options a) will still affect the performance of LTE due to INI. In option b) some SCs are muted in NR to create a guard band. INI is avoided and the performance of LTE is not affected
A considerable issue for the GB configuration is its minimum granularity. For example, shall the GB be described by RBs or by REs? If it is set in RBs, then the GB can be implemented by resource scheduling and there is no need to introduce additional signaling as the resource scheduling has the same minimum granularity. 
However, the drawback might be a resource waste, especially in higher carrier frequencies with larger subcarrier spacing. If for example a guard band of 15 subcarriers is needed but the GB granularity is defined by RBs, then 2 RBs must be used as GB (if 12 subcarriers per RB). In other words, 9 subcarriers would be wasted. 
Since in RAN1 #86 it has been agreed that the number of sub-carriers per RB is fixed, the RB width is scaled with the sub-carrier spacing. Therefore, the problem of resource waste becomes more significant at higher SCS. Additionally, when several numerologies are multiplexed within the same carrier, more guard bands would be needed and the resource waste would increase further. This impact can be reduced if the GB granularity is defined in REs instead. The drawback of this approach is that additional signaling needs to be introduced to indicate the number of subcarriers being used. Also, the configuration signaling needs to contain the GB location information, for example, it should be indicated whether the GB is on the upper or the lower boundary of the frequency range. 

Proposal 2: Two methods to handle inter-numerology interference between two adjacent numerologies may be considered. We prefer the first one.
	A configurable guard band with a granularity in sub-carries. This is especially beneficial when different numerology are multiplexed in a dynamic manner
	In scenarios of lower load or when numerologies are multiplexed semi-statically, a guard band may not be needed. The two numerologies could be placed directly adjacently to each other and different schemes to lower the MCS may be employed.
The GB can be configured dynamically, semi-statically or by scheduling. As described in the discussion above, the scheduling approach is suitable when the GB consists of an integer number of RBs. The configuration approach, on the other hand is suitable for GB having the size of a fractional RB. A combination of the two approaches is a good choice when the required GB consists of both integer and fractional RBs. Generally speaking, if the numerologies are multiplexed in a static or semi-static fashion, then the configuration of the GB should also be semi-static. If the numerologies are multiplexed dynamically, then also a dynamic configuration of the GB is more suitable.
Proposal 3: GB configuration mechanisms should be considered, a )semi-static; b) dynamic; c )scheduling; or some combination of above approaches.
Puncturing resources to introduce a GB gives an impact on the channel and/or the signal. In LTE, the RS sequence generation is based on the number of RBs and a fractional RB cannot appear. However, the introduction of a GB with fractional RB destroys the integrity of an RB used for data transmission. To keep the simplicity and commonality of the RS design, the RS sequence generation and allocation should remain unchanged whether the GB exists or not.  
For the frequency range used for DL control, the numerology and GB should be configured semi-statically or/and by scheduling due to the blind detection of DL control at the receiver. For the frequency range used for DL data transmission, the numerology and GB can be configured semi-statically or dynamically or/and by scheduling. If the control and data share the same numerology and GB, then the configuration should be performed semi-statically or/and by scheduling. In this case, two layers of control may be considered. This approach could reduce the latency which is useful for services with a low latency requirement but it can also configure the guard band. For example, the first level control could use the default numerology regardless if a GB is configured. The second level of control and data share the same numerology and GB, and the corresponding configuration can be indicated by the first level control. 
Proposal 4: RAN1 should study the impact of introducing a guard band on the signal design and corresponding techniques to handle it.
In the appendix, more details are given about the different methods to cope with INI. 
3 Conclusions

In this contribution, we made the following observations and proposals:
Observation 1: The RB grid shall be the same for FDM and TDM
Observation 2: A nested RB grid structure for FDM ensures RB alignment among different eNBs 
Observation 3: The alternative option to use the RB grid derived from the 15 kHz SCS even for numerologies with wider RBs can lead to RB-misalignment across multiple cells.
Observation 4: Also for FDM, the nested RB grid does not waste resources
Proposal 1: Adopt RB grid for FDM as it is agreed in TDM  
Proposal 2: Two methods to handle inter-numerology interference between two adjacent numerologies may be considered. We prefer the first one.
	A configurable guard band with a granularity in sub-carries. This is especially beneficial when different numerology are multiplexed in a dynamic manner
	In scenarios of lower load or when numerologies are multiplexed semi-statically, a guard band may not be needed. The two numerologies could be placed directly adjacently to each other and different schemes to lower the MCS may be employed.
Proposal 3: GB configuration mechanisms should be considered, a)semi-static; b)dynamic; c)scheduling; or some combination of above approaches.
Proposal 4: RAN1 should study the impact of introducing a guard band on the signal design and corresponding techniques to handle it.

Appendix – Different options to handle INI
	Option
	Sub- option
	Impact on load/latency
	Impact on signaling overhead
	Impact on control channel

	A:lower the MCS
	A1:lower the MCS for all RBs
	If TB size remains unchanged, serious impact on scheduling due to the need for more RBs to get same throughput.
If number of RBs size remains unchanged, impact on latency due to very small TB size transmission.
	No additional signaling, this method is an implementation issue.
	This option does not significantly improve INI of the control channel because the original modulation of control channel already is very low.

	
	A2:lower the MCS only for the RBs that are affected by INI
	Compared to A1, it is moderate.
	Additional 5 bits for signaling needed in the same DCI, this means two TBs are transmitted in one transmission, too much change to the current system.
	This option does not significantly improve INI of the control channel because the original modulation of control channel already is very low.

	
	A3:lower the modulation mode only for the REs that are affected by INI
	Compared to A1, it is moderate.
	Additional bits signaling to notify size of REs affected, and additional bits for signaling needed to notify the modulation mode.
	This option does not significantly improve INI of the control channel because the original modulation of control channel already is very low.

	B:guard band
	B1:integer number of RBs
	Compared to A1, it is moderate.
	No additional signaling, this is implementation issue.
	This is an implementation issue.

	
	B2:fractional RB (subcarrier)
	Compared to A1, it is moderate.
	Additional bits for signaling needed to notify the size of the affected REs.
	The same processing may be applied with data RE.


Table A1 – Overview about different methods to deal with INI
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