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In RAN1#86 meeting, it is agreed that the specification supports multiplexing of different numerologies in TDM and/or FDM within/across (a) subframe duration(s) from a UE perspective [1]. 
In RAN1#86b meeting, it is agreed that explicit signaling to NR UEs can indicate reserved resources for forward compatibility. The RB grid for TDM is also agreed to be used in FDM as a working assumption [2]-[3]. 
In RAN1#87 meeting, it is agreed that NR strives for efficient support of dynamic resource allocation of different numerologies in FDM/TDM fashion. But CSI-RS measurement, RRM measurement and the time and frequency granularity of dynamic resource allocation need to be further studied [4].
At first, this paper discusses the method of numerology determination of different numerologies in a NR carrier to support flexible systems deployment from the transmitter perspective and to support energy efficient numerology identification from the receiver perspective. Then, this paper discusses CSI-RS measurement, RRM measurement and the time and frequency granularity of semi-statics resource allocation of different numerologies in FDM/TDM fashion.
Numerology determination of the different numerologies
In NR system, different numerologies can be deployed in one frequency band to support different services, including eMBB, mMTC and URLLC, and to support different deployment scenarios, for example indoor hot spot deployment, dense urban deployment, rural deployment and etc. This section discusses the determination of different numerologies from the transmitter and receiver perspective.
Numerology determination for initial access
From the receiver point of view, blind detection of different numerologies is power wasting. It is preferred to use one numerology for Ctrl-SIB1/SIB1 and SS/PBCH from gNB perspective to reduce power consumption at the receiver. The Ctrl-SIBx/SIBx (x>1) is transmitted in all the numerologies, which are indicated by SIB1. Detailed analysis can be found in the companion contribution [5].
[bookmark: _Ref129681832]Determination of numerology during the data transmission
For the numerology used during data transmission, the following aspects could be studied for a given UE:
Determination
The numerology can be signalled by gNB considering diverse services and deployment scenarios. As analysed in [6]-[7], to efficiently support diverse services, such as eMBB, URLLC and mMTC within one NR carrier, different numerologies can be selected for different services based on their diverse latency and reliability requirements [8]. To reduce UE complexity, for a UE, there is no need to support all the numerologies supported by NR, and several UE types can be defined based on the supported service(s). As evaluated in [9][10][11],  to support the diverse deployment scenarios with different attributes defined by NR [8], such as carrier frequency, UE speed and channel delay spread, different numerologies may be needed to efficiently support different deployment scenarios. Furthermore, since one service can be supported with different deployment scenario, multiple numerologies should be considered for one service.
To efficiently support data transmission with flexibility, the numerology during data transmission can be indicated by gNB, and UE can determine the numerology for data transmission by receiving either:
· Common signalling, such as SIBx or RAR, which indicate numerology for data transmission. In this approach, a set of preferred UE type-dependent numerologies can be signalled, and one numerology for one UE type or one service. Common signaling could also be used to explicitly indicate the association of frequency resources with numerologies. 
When different numerologies are deployed in one frequency band to support different services as analyzed above, for example, the narrow band systems supporting mMTC services can be multiplexed with wideband eMBB systems, the synchronization channel of the narrow band system needs to be located according to frequency raster. As described in Figure 1, the narrow bandwidth may not be integer number of PRB of the wide band system in consideration of different numerology for different system and potential diverse narrow band services. Thus appropriate deployment of the narrow band system should be considered to reduce the number of fragment PRBs of the wide band system as much as possible. In Figure 1, deployment of the narrow band system in PRB n+4 can reduce number of fragment PRB compared with the narrow band deployment across PRB n and PRB n+1. On the other hand, different numerology systems may be used by the network in a nested manner in the frequency domain. A UE should not be required to determine this information by detecting synchronization channels for each system once the UE has accessed the network using the default numerology. Therefore, to optimise the UE power consumption, the frequency domain resource information related to the usage of multiple numerologies in the network should be indicated by the system information of the predefined numerology.
[image: ]
Figure 1. Example of in-band deployment of narrow band system
· UE specific signalling, such as Msg.4 or RRC signalling. When deployment scenario diversity is considered for one UE type or one service, i.e., multiple numerologies are needed for one service as analyzed above, this approach is preferred with taking both UE’s supported service and deployment scenario into consideration with more flexibility but higher signalling overhead than using common signalling.
Proposal 1: Within one carrier, the frequency domain resources of different numerologies should be explicitly indicated

Numerology adaptation 
For a given UE, the numerology used for data transmission can be reconfigured / switched by a gNB semi-statically based on conditions such as the following: 
· UE speed changes, or operating carrier frequency changes. For different UE speeds in different carrier frequency, subcarrier spacing could be selected to minimize the impact of Doppler frequency spread and/or phase noise [9].
· Channel delay spread changes, or transmission mode changes, such as transition from non-SFN to SFN modes of transmission. CP length could be selected to minimize the impact of delay spread [9][10][11]. 
· Service changes, such as eMBB to URLLC. As analyzed in [6][7], to efficiently support diverse services, such as eMBB, URLLC and mMTC, within one NR carrier, different numerologies are selected for different services based on their latency and reliability requirements [8]. At previous meeting, it has been agreed that from network perspective, multiplexing of transmissions with different latency and/or reliability requirements for eMBB/URLLC in DL is supported by different sub-carrier spacing [2].
Reciprocity for DL and UL
· Alt 1 (same numerology): At least, the same numerology used for DL and UL data transmission should be supported. For TDD within one NR carrier, when the channel delay spread and Doppler shift are approximately the same, the selected numerologies for DL and UL data transmission are the same. Using the same numerology for downlink and uplink transmission may benefits the cross-link interference mitigation and cancellation schemes.
· Alt 2 (independently configured numerology): For example, for FDD or DL and UL operated at different carrier frequencies, the numerologies for DL and UL data transmission could be indicating independently.
Proposal 2: Semi-static numerology adaptation of the data channel is supported.
Sub-band based resource allocation among different numerologies
	As mentioned above, NR will support diverse services by multiplexing resources for coexistence of different numerologies is a same carrier. It is important that NR system appropriately allocates sub-band resources to numerologies based on load distribution. Partitioning system BW into sub-bands with respect to different numerologies also paves the way for forward compatibility and reserving resource for a service. 
	In Figure 2, we show an example of sub-band resource allocation to different numerologies. Based on load requirement, resource allocation can be updated over time. Furthermore, sub-band(s) allocation to a numerology can be contiguous or distributed.  Higher layer signaling can be adopted to notify sub-band resources allocation to candidate numerologies. Frequent dynamic L1 signaling can result in high overhead.  To facilitate resource sharing, few options can be considered; 1) system BW can decomposed into equal size chunks and sub-band of a numerology is formed by aggregating chunks in contiguous or distributed manner, 2) Flexibility of small size chunks can be traded for some pre-configured patterns, which may save in overhead. Same or different patterns can be identified for different BWs, e.g., 20MHz, 80MHz etc. In Figure 3, we show an example of a pre-configured pattern for resource allocation in sub-bands of numerologies.  As a specific example, x Hz on each side can be used for mMTC, whereas 9x Hz can be used for eMBB. Value of x can be chosen based on bandwidth and amount of guard-band observed between sub-bands of numerologies.
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Figure 2: Example of Sub-band allocation among different numerologies. t1 and t2 denote some time instants. 
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Figure 3: Example of a pre-configured pattern for sub-band divisions with a carrier BW

Once sub-band resources are identified for a numerology, RBs can be allocated to the UEs within the allocated sub-band resources of a numerology. As current and future cellular networks are leaning towards larger system BWs, e.g., 100 MHz, some UEs may only occupy a small part of the bandwidth.  Existing RB allocation technique (e.g., LTE type 0/1/2) can be inefficient when different types of traffic co-exist and/or same bitmap size is used to allocate RBs for all traffic types within a large BW. A UE-centric RB allocation scheme can be adopted, where RB allocation is not obtained over the whole sub-band and is function of UE characteristics, e.g. Payload.  Allocated sub-bands to a numerology can be decomposed into chunks (cf. Figure 4) and a UE may only need few chunks, if not all. We propose that a two-stage RB allocation scheme can be used. The first stage indicates the chunk(s) of the sub-band, from which the RBs are allocated. In the next stage, RB allocation within the selected chunks is identified (cf. Figure 5). This saves in overhead, in particular for small packets transmission.

Figure 4 Logical Division of the sub-band BW into K chunks
 For example, let us assume PRB size N = 12, BW = 20MHz, number of RBs, NRB = 100. Let, M denotes the number of chunks allocated to UE out of K chunks (M can be chosen based on UE characteristics). P is the RBG size. The following example highlights the overhead savings in RB allocation, when a UE may not need to occupy large portion of the BW.
	
	LTE type 0/1
	Two-stage RB allocation

	K = 4, M = 1, P = 2
	25bits
	BW division = 4 bits, 
RB allocation = 13 bits, total 17 bits




Figure 5 Two-stage RB allocation
Proposal 3: Resource allocation by sub-band(s) division among numerologies should be supported in NR.
· FFS different mechanisms for division of sub-bands among numerologies.
Proposal 4: NR should study low-overhead RB allocation mechanisms for resource allocation.
RRM measurement of different numerologies
In NR RS design, reducing the common channel overhead such as reducing the CRS always-on transmission results in both reduced interference as well as improvement of operational flexibility for forward compatibility. NR SS and NR CSI-RS can replace the CRS to perform the RRM measurement. Detail analysis can be found in the companion contribution [12]. 
[bookmark: _GoBack]The legacy LTE has wideband transmissions such as CRS in every PRB, which introduces unnecessary overhead to in-band deployed system such as NB-IoT. In the NR system, different numerologies can be deployed in one frequency band to support different services. To ensure forward compatibility, NR shall ensure smooth introduction of future services and features with no impact on the access of earlier services and UEs. Therefore, it is beneficial to configure RS for RRM measurement on one numerology or independently for different numerologies to improve resource efficiency of multiplexing services in NR.
Proposal 5: Consider to configure RS for RRM measurement on one numerology or independently for different numerologies to minimize collision among different services in NR.
Conclusion
According to above discussion, we have the following proposals:
Proposal 1: Within one carrier, the frequency domain resources of different numerologies should be explicitly indicated.
Proposal 2: Semi-static numerology adaptation of the data channel is supported.
Proposal 3: Resource allocation by sub-band(s) division among numerologies should be supported in NR.
· FFS different mechanisms for division of sub-bands among numerologies.
Proposal 4: NR should study low-overhead RB allocation mechanisms for resource allocation.
Proposal 5: Consider to configure RS for RRM measurement on one numerology or independently for different numerologies to minimize collision among different services in NR.
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