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1 Introduction

New RAT (NR) is aiming at a single technical framework addressing a wide range of usage scenarios with diverse characteristics and performance requirements such as [1][2]
· Enhanced mobile broadband (eMBB): high spectral efficiency/throughput, broad bandwidth
· Massive MTC (mMTC): large coverage, long device battery life (low power consumption), low device complexity, narrow bandwidth, infrequent small packets 
· Ultra-reliable and low latency communications (URLLC): extremely low latency, extremely high reliability 
Hence, the OFDM numerology (e.g. subcarrier spacing, cyclic prefix length, number of symbols per scheduling interval) suitable for different use cases is quite different. It is generally acknowledged that NR should be configurable to different sets of OFDM numerologies which are tailored to specific services and deployment scenarios. In this paper we discuss how to multiplex different numerologies in the system and the related issues. 
2 Discussion
One straightforward option would be to use different numerologies for different bands. However, this design is too restrictive and would result in inefficient resource usage. It is foreseen that the demand for above-mentioned services typically coexists in a network. Restricting one band to a particular numerology would require the operator to have multiple bands available in order to provide more than one service. Moreover, the whole channel bandwidth would be dedicated to a particular service and cannot be dynamically allocated among different services, resulting in poor resource utilization. Hence, it is desirable for NR to support the multiplexing of different numerologies within the same band. In the rest of the paper, we focus on numerology multiplexing within one band.
Proposal 1: NR supports the multiplexing of different numerologies within the same band.
2.1 Frequency/time division multiplexing 
Basically, different numerologies can be multiplexed in frequency (i.e. FDM) or time domain (i.e. TDM), as shown in Figure 1. 
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Figure 1 Different numerologies are multiplexed in frequency (left) or time (right)

For FDM, different numerologies are allocated different subbands, while for TDM, they are allocated different time slots. We compare the two multiplexing schemes as follows.
· Interference:
· For FDM, if different numerologies are using different subcarrier spacing, there would be inter-subband interference because the orthogonality between subbands cannot be maintained. This requires additional guard band at each boundary of the numerology. The bandwidth of the guard band depends on the out-of-band emission characteristics of the waveform. On the other hand, if two numerologies use the same subcarrier spacing and differ only in the number of OFDM symbols per scheduling interval, then guard band becomes unnecessary because the orthogonality remains. Generally speaking, in order to avoid frequency fragmentation and improve resource utilization, we should minimize the number of guard bands. This implies that for the system design, we should restrict the number of allowable values of subcarrier spacing. Furthermore, we should group numerologies with the same subcarrier spacing together and allocate the contiguous frequency resources to one group. 
· For TDM, interference between numerologies is regarded as inter-symbol interference (ISI). If CP is used for the new waveform that is currently being discussed in NR, then CP can also function as a guard period between numerologies; Otherwise, guard period needs to be introduced to deal with inter-numerology interference. 
· Latency:
· For FDM, each service has dedicated frequency resources any time. Hence it is relatively easy to meet the latency requirement.

· For TDM, if one to one mapping between the numerology and service is used, only one service can have access to the resources at one time instant. If the traffic is periodic and hence predictable, we can allocate the time slots to this type of services accordingly to meet the latency requirements. For the service with sporadic traffic, it is challenging to meet the latency requirement.  
· Reliability:

· One advantage of TDM over FDM is that each service can utilize the whole channel bandwidth. This is especially favourable for URLLC services with high reliability requirement. In general, larger transmission bandwidth allows for better frequency diversity and hence more reliable transmission. If URLLC needs to utilize the whole channel bandwidth, it has to be TDMed with other services, e.g., eMBB. 
· Scheduling grant monitoring:

· For FDM, it is natural to consider a self-contained operation, meaning that scheduling grant and data are transmitted within the same subband. So the UE capable of particular services only needs to monitor a fraction of the channel bandwidth to save power. Besides, in the time domain, different service-capable UEs can monitor the scheduling grant on a different time scale. Specifically, a URLLC UE should monitor the scheduling grant on a much finer time scale to fulfil the latency requirement than mMTC or eMBB UEs. 

· For TDM, the similar self-contained operation can be performed: scheduling grant and data are transmitted within the same time slot. In the frequency domain, it is also possible to instruct UEs to monitor only a fraction of channel bandwidth.   
· Applicability to eMBB, mMTC, URLLC:
· As discussed in [2], eMBB is expected to support peak data rate (20Gbps for downlink and 10Gbps for uplink) and user experienced data rates in the order of three times IMT-Advanced. It demands very broad bandwidth to achieve such data rates. On the other hand, as mentioned previously, URLLC with extremely high reliability requirements is better served with large bandwidth. Therefore, eMBB and URLLC may be TDMed. As for the mMTC, it features low cost devices and narrow transmission bandwidth. Consequently, it is inefficient to allocate large bandwidth for mMTC. Instead, it should be multiplexed with eMBB and URLLC in the frequency domain.
From the above discussion, in order to achieve more efficient resource utilization and greater scheduling flexibility, different numerologies are preferably multiplexed in both time and frequency domains. Figure 2 shows one example. 
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Figure 2 Example of multiplexing different numerologies in both time and frequency
Proposal 2: Time and frequency domain multiplexing of different numerologies within the same band is supported in NR.
Proposal 3: The number of subcarrier spacing values supported in the system should be limited to only a few.  

2.2 Static vs. dynamic multiplexing
The resource allocation among multiple numerologies could be configured in a static, semi-static or dynamic manner. Obviously, static configuration leads to poorest resource utilization. For example, due to traffic fluctuation, the pre-allocated resources for a particular service might not be sufficient to meet the performance requirements in one time instant, or in another instant the pre-allocated resources might not be utilized. The resource utilization can be improved by a semi-static configuration, where the resource partitioning for different numerologies is signaled, e.g., via common control channel using default numerology parameters. The periodicity of this signaling can be much larger than the scheduling interval for UE data transmission. Then the transmission of each service can be carried on only within the indicated partition for every scheduling interval. On the other hand, with the price of the increased control overhead and implementation complexity, the resource utilization can be further improved by adapting the resource partitioning at the level of every scheduling interval. The trade-off needs to be further studied. 
Proposal 4: Study supporting schemes for dynamically adapting the resource partitioning among numerologies and the trade-off between control overhead and resource utilization.  
2.3 Additional consideration for unpaired band usage
Unlike the paired band using FDD where resources for HARQ acknowledgement are always available on the corresponding frequency band, in the unpaired band the transmission of HARQ acknowledgement is subject to the UL/DL direction. If unpaired band is handled by pure TDD, the band of one moment is UL or DL direction only. This should be taken into account when accommodating low latency transmission. 
Taking the downlink transmission as an example, the time structure shown in Figure 3 is being discussed in NR, where the downlink data transmission is immediately acknowledged after a short guard period to achieve low latency.
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Figure 3 A time structure allowing fast HARQ-ACK feedback for TDD
However, when multiple numerologies are multiplexed in a TDD system, we need to make sure that the ACK transmission in the uplink in Figure 3 does not collide with the downlink transmission of other numerologies. In other words, the system-wide alignment of the guard period and transmission direction among all numerologies should be achieved. One possible solution is given in Figure 4.
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Figure 4 Example of system-wide alignment of transmission direction and GP for TDD
As illustrated in Figure 4, GP and ACK for low latency service occur only after the long OFDM symbol that another numerology is using for long coverage service. Otherwise, the OFDM symbol for long coverage service will have to be punctured to enable the GP and DL/UL switching, resulting in the waste of resources. Another observation from Figure 4 is that, if puncturing is not used, the minimum latency that a multi-numerology system supports is determined by the largest OFDM symbol length (i.e., smallest subcarrier spacing). Hence, in a TDD system, if very long coverage service needs to be supported, the strict latency requirement for other services may be difficult to meet.
All above restriction can be alleviated when the part of bandwidth is used for DL and the part of bandwidth is used for UL within one band or full duplex, i.e. DL and UL are FDMed or overlapped within one unpaired band.   
Proposal 5: Study the trade-off between latency and resource utilization when multiplexing different numerologies for unpaired band usage.  
3 Conclusion

This document provides our views on the multiplexing of different numerologies. 

Proposal 1: NR supports the multiplexing of different numerologies within the same band.
Proposal 2: Time and frequency domain multiplexing of different numerologies is supported.

Proposal 3: The number of subcarrier spacing values supported in the system should be small.  

Proposal 4: Study potential supporting schemes for dynamically adapting the resource partitioning among numerologies and the trade-off between control overhead and resource utilization.  

Proposal 5: Study the trade-off between latency and resource utilization when multiplexing different numerologies for unpaired band usage.  
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