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1 Introduction
In RAN1#84bis, the following was agreed regarding the numerology support in NR [1].
Agreements:
· For the study of NR, RAN1 assumes that multiple (but not necessarily all) OFDM numerologies can apply to the same frequency range
· Note: RAN1 does not assume to apply very low value of subcarrier spacing to very high carrier frequency
Similar issue was also discussed in previous RAN1#85 and the following agreement was made [2].
Agreements:
· Forward compatibility of NR shall ensure smooth introduction of future services and features with no impact on the access of earlier services and UEs

· Multiplexing different numerologies within a same NR carrier bandwidth (from the network perspective) is supported

· FDM and/or TDM multiplexing can be considered
The motivation of the above agreements is for NR specification to allow flexible support of multiple numerologies. More specifically, the end goal for NR is to flexibly apply multiple subcarrier spacings (e.g. 15 KHz scaled by an integer) considering aspects of deployment scenarios (e.g.: carrier frequency, cell size, Doppler spread, etc.) and target services (e.g. eMBMS, V2X, URLLC, etc.). This contribution will discuss following aspects listed as below regarding the multiple numerology support in NR 
· Multiplexing of different numerologies: TDM vs FDM 
· Guard tones for FDM approach
2 Discussion 
One enhancement of NR relative to LTE is the flexible support of multiple numerologies. Generally speaking, the numerology means several parameters that are required for modulation of physical channels such as subcarrier spacing, cyclic prefix length, etc. Among them, the core part of supporting multiple numerologies in NR is the support of multiple subcarrier spacings. The support of multiple subcarrier spacings in NR can be beneficial for satisfying the requirements of diverse verticals and deployment scenarios.
For example, for eMBMS, it would be natural to support SFN transmissions to minimize coverage holes and provide more robust performance. For efficient SFN transmission, cyclic prefix would have to be designed large enough to take into account the propagation delay of transmissions from multiple sites. Since a larger cyclic prefix leads to a larger overhead, it inevitably requires a longer OFDM symbol length than unicast transmissions and therefore a smaller subcarrier spacing needs to be used for eMBMS transmissions than for unicast transmissions. On the other hand, a larger subcarrier spacing is desirable for transmission to or from high speed UEs. When a UE speed is in very high (e.g. 500km/h), the Doppler shift increases and it is beneficial that larger subcarrier spacing is configured. Since NR is trying to consider single framework supporting various use cases and deployment scenarios, multiplexing of different numerologies within a carrier bandwidth is inevitable. 

How to multiplex different numerologies: TDM vs FDM
To support multiple numerologies in a carrier bandwidth, two approaches can be considered. One approach is FDM of multiple numerologies. An example is shown in Figure 1. FDM allows more flexibility in scheduling UEs that are configured with different numerologies. However, for FDM, the following issues need to be considered. When different numerologies are used in adjacent frequency resources at the same time, due to the break-down of orthogonality between subcarriers, mutual inter-numerology interference (INI) would be introduced between adjacent resources. Therefore, strict confinement of out-of-band emission (OOBE) is required to minimize INI impact. A possible approach for the confinement of OOBE is to adopt filtering and windowing at the transmitter. In addition, guard tones can be inserted between frequency resources to reduce the hardware complexity due to the strict requirement of OOBE. Figure 1 shows the insertion of guard tones between frequency resources. Since these guard tones are not used for data transmission, they decrease spectral efficiency depending on the number of guard tones and the system bandwidth. 

The second approach is TDM of multiple numerologies. This approach has been already supported in LTE to multiplex eMBMS and unicast. Compared to FDM, the operation of TDM is relatively simple. For TDM, there is no need to consider INI since only a single numerology exists per TTI. Therefore, relatively simple filtering and/or windowing are required. Moreover, there is no need to consider guard tones between frequency resources. On the other hand, TDM would restrict scheduling flexibility of UEs having different configured numerologies with time unit of a TTI. 
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Figure 1. FDM approach to support multiple numerologies

	As a conclusion, even though TDM is simple from complexity and operation perspectives, it only allows limited degree of flexibility in scheduling UEs with different numerologies. Since this goes against the flexibility and forward compatibility that NR pursues, the NR design should support FDM of different numerologies to ensure full flexibility in scheduling UEs.
Proposal 1: NR design should support FDM of different numerologies.



Guard tones for FDM approach

 As described in the previous section, it is inevitable to allow FDM of multiple numerologies in a carrier bandwidth. With FDM, one possible spec impact is the insertion of guard tones between adjacent frequency resources with different numerologies as discussed above. Guard tones can be inserted by two approaches. The first approach is explicit configuration of the number of guard tones. This approach would be beneficial when the number of required guard tones is less than 1 RB (e.g. 12 subcarriers) and when there are many frequency resources to be supported with different numerologies within a carrier bandwidth. When required guard tones are less than 1 RB, guard tones are placed in the allocated RBs as shown in Figure 2. This explicit guard tone configuration can minimize spectral efficiency loss when the number of frequency resources with different numerologies and the number of guard tones are increased.

 A second approach is for the eNB to implicitly manage the guard tones without any signaling. By eNB’s scheduling, guard tones can be located between adjacent frequency resources with different numerologies. NB-IoT assumed same approach for the introduction of 3.75 kHz subcarrier spacing in uplink. This approach can allocate a number of guard tones with minimum scheduling units in the frequency domain (e.g. 1 RB as shown in Figure 3). For the implicit approach, it is difficult to fine tune the number of guard tones and this leads to larger spectral efficiency loss than for the explicit approach. Therefore, the implicit approach would be beneficial when the number of frequency resources with configured different numerologies is sufficiently small. 
Proposal 2: RAN1 should study how to support guard tones for FDM of different numerologies
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	Figure 2. Guard tone insertion inside the RBs                    Figure 3. Guard tone insertion outside the RBs


3 Conclusion

This contribution discussed following aspects listed as below regarding the multiple numerology support in NR 
· Multiplexing of different numerology: TDM vs FDM 
· Guard tones for frequency multiplexing approach
And, according to the discussion, followings were proposed.
Proposal 1: NR design should support FDM of different numerologies.
Proposal 2: RAN1 should study how to support guard tones for FDM of different numerologies
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