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Introduction
In the last RAN1#85 meeting, it was agreed that NR will support multiplexing different numerologies within a same NR carrier bandwidth, and regarding the mixed numerology case an issue of synchronization signal design was addressed [1].
	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
· For a NR carrier (from network perspective) using multiple numerologies, at least the following is for further study
· multiple frequency/time portions using different numerologies share a synchronization signal
· Note: The synchronization signal refers to the signal itself and the time-frequency resource used to transmit the synchronization signal



In this contribution, we investigate several issues in the NR carrier design under the mixed numerology framework.

Discussion
Throughout the paper, we will use the terminologies presented in our companion contribution regarding numerology type and NR carrier type [2]. For the numerology type, two types from system perspective, i.e., base numerology and sub-numerology, and another two types from UE perspective, i.e., primary numerology and secondary numerology, are suggested. For the carrier type, two types of NR carrier, i.e., Type 1 and Type 2, are taken into consideration. In Type 1 carrier, the base numerology serves as an anchor numerology and sub-numerologies are add-on components. In Type 2 carrier, each numerology can solely provide full carrier operation.

Grouping of frequency resources
To support FDM of multiple numerologies, the system bandwidth of a NR carrier can be divided into one or multiple frequency resource blocks (FRBs). This issue was already raised in the last meeting (e.g., [3]) but was not concluded due to lack of discussion. In our view, introducing a new unit of frequency resources larger than existing ones is useful for efficient numerology configuration. Basically FRB can be defined as similar to the PRB (Physical Resource Block) in LTE. That is, FRBs can have the same size as well as can be placed to be contiguous and not overlap with each other. Regarding the FRB size, two options can be considered.
· Alt. A1: FRB size is a submultiple of the system bandwidth. (Fig. 1(a))
· Alt. A2: A FRB consists of multiple PRBs. (Fig. 1(b))
[bookmark: _GoBack]For example, a NR carrier having 20 MHz system bandwidth and 100 PRBs can be considered. Based on Alt. A1, FRB size can be a submultiple of 20 MHz, e.g., 5 MHz from which 4 FRBs can be defined. On the other hand, as an example of Alt. A2, one FRB can consist of 16 PRBs which yields about 6 or 7 FRBs. In the latter case, FRBs will span only the valid part of the system bandwidth excluding the system guard band. In any case, the FRB size should be chosen appropriately since too large FRB will restrict the configuration flexibility and too small FRB will increase the overhead and make signals/channels design difficult.



[bookmark: _Ref458441639]Fig. 1. Options for FRB size
In some FRBs, there will be a part of fixed DL resources in which UEs assume primary numerology. Such FRB(s) can be considered as ‘anchor FRB’. In the fixed DL resources, for example, DL initial access signals and PDCCH using the base numerology can be transmitted. The number of anchor FRB(s) should be minimized for larger degree of freedom in numerology configuration. UE may need to know the location of anchor FRB(s) to perform PDCCH monitoring. In that case, the location of the anchor FRB(s) can be predefined or delivered to UE as system information.
Basically the numerology configuration can be semi-static. Regarding the dynamic configuration/reconfiguration, its necessity and impact on the receiver complexity and performance should be clarified first.

Subcarrier grids
In LTE, a DL OFDM symbol is generated by a single IFFT operation per each carrier. Therefore, each carrier is expressed by one full-band subcarrier grid in the frequency domain. On the other hand, in NR with mixed numerology, at least one OFDM subcarrier grid per numerology is required. For the base numerology, one subcarrier grid may cover the whole system bandwidth in the same as the LTE. For sub-numerologies, the following options can be considered.
· Alt. B1: One full-band subcarrier grid per sub-numerology (Fig. 2(a))
· Alt. B2: One or multiple sub-band grids per sub-numerology (Fig. 2(b))
In Alt. B1, the subcarrier grids may have the fixed size and location. As an option, all the subcarrier grids in a NR carrier can occupy an identical frequency range. In contrast, in Alt. B2, the size and location of the subcarrier grids can be either fixed or configurable, and there would be a possibility that multiple subcarrier grids are defined or configured for one sub-numerology. Alt. B2 may provide narrower bandwidth operations for sub-numerologies, but in order to do that the location of the center frequency for sub-numerology may need to be configured to UE.



[bookmark: _Ref458450546]Fig. 2. Subcarrier grids for multiple numerologies
NR can also have a DC subcarrier which is set to null at least in DL. As illustrated in Fig. 3, the DC subcarrier can be defined only for the base numerology (Fig. 3(a)), or defined for every numerology (Fig. 3(b)). In Fig. 3(b), the same location for all DC subcarriers was assumed as an example. Between the two options, the latter seems beneficial for consistent UE receiver performance over numerologies. The DC subcarrier can be located in the center of each subcarrier grid. If Alt. B2 is applied, there can be multiple DC subcarriers for one numerology.



[bookmark: _Ref458451471]Fig. 3. DC subcarrier allocation

PRB definition
PRB is a unit of resource allocation for UL and DL data transmission. The PRB in NR should be also defined considering the mixed numerology operation. One issue is that whether the PRB size in time and/or frequency for each numerology is fixed or configurable. The configurable PRB size would provide flexible scheduling granularity, but it may increase the complexity of the initial access procedure and would also impact on the DMRS design. As a rule to determine fixed or default values of the PRB bandwidth, two options can be considered.
· Alt. C1: The number of subcarriers per PRB is the same for all numerologies. (Fig. 4(a))
· Alt. C2: PRB bandwidth is the same for all numerologies. (Fig. 4(b))



[bookmark: _Ref458454186]Fig. 4. PRB bandwidth
On the other hand, LTE carrier supports both even number of PRBs and odd number of PRBs depending on its system bandwidth. For NR carriers, one potential improvement for simpler specification and implementation is to eliminate one of the two cases. For example, an LTE carrier has 25 PRBs for 5 MHz system bandwidth. To make the even number of PRBs for the NR carrier with the same system bandwidth and the same PRB size, one PRB can be either added or removed. Since reducing the number of PRBs decreases the spectrum utilization, adding one PRB is desirable. Its feasibility may depend on the NR waveform evaluation results.

Guard band
When multiple numerologies are FDMed in the same carrier, guard band can be inserted between two PRBs of different numerologies. Whether/where/how much the guard band is inserted should be discussed.
Regarding the location, not all FRBs may need to have a guard band because if the boundary of two numerologies is located between two adjacent FRBs, it may be sufficient to insert the guard band in only one of the two FRBs. In addition, some FRBs may need a fixed-size or zero guard band. For example, anchor FRBs can have zero guard band in order for the fixed DL resource region to be preserved and not changed. Some alternatives include:
· Alt. D1: Both anchor FRB(s) and non-anchor FRB(s) can have non-zero guard band
· Alt. D2: Only non-anchor FRB(s) can have non-zero guard band
· Alt. D3: Only FRB(s) configured with sub-numerology can have non-zero guard band

Location of initial access signals
Initial access signals may refer to a set of signals and channels including DL discovery signal and UL PRACH, and the DL discovery signal may consist of synchronization signals, CRS, PBCH, and so on [4]. A standalone NR carrier should contain a full set of DL and UL initial access signals at least for the base numerology. About the frequency location of synchronization signals for the base numerology, at least the following two options can be considered.
· Alt. E1: Only at the center frequency
· Alt. E2: One or multiple within a predefined set of locations
In Alt. E2, the location of the center frequency may need to be delivered to UE via the PSS. In Alt. E2, the predefined set of locations may or may not include the center frequency, but locating the synchronization signals at the center frequency seems desirable to support low-cost UEs having minimum bandwidth capability.
The need of initial access signals for the sub-numerology should be further discussed. If Type 2 NR carrier is to be supported, initial access signals may need to be defined for each numerology.

Conclusion
In this contribution, we addressed several issues in the design of mixed numerology in a NR carrier and proposed some candidate solutions to be discussed in the upcoming meetings.
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