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1
Introduction
In New Radio (NR) a very broad range of usage scenarios has to be supported, “flexible enough to meet the connectivity requirements of a range of existing and future services to be deployable on a single continuous block of spectrum in an efficient manner” [2]. Furthermore, the new air interface targets “a single technical framework addressing all usage scenarios, requirements and deployment scenarios defined in TR38.913 including” enhanced mobile broadband (eMBB),
massive machine-type-communications (mMTC), ultra-reliable and low latency communications (URLLC) [3] as well as additional high velocity support.

As discussed in [4] these targets motivate a waveform which is able to time/frequency-multiplex highly different traffic on a single carrier, which demands a stronger intra-carrier spectral localization than basic OFDM can offer. The available candidates of the OFDM-family proposed for NR improve the spectral properties either by filtering [5][6] or windowing [7][8].
The proposed waveform candidates allow for a UE/service-specific numerology, considered to be feasible e.g. in [8][9]. 
In 3GPP RAN1#85 meeting it was agreed that multiplexing multiple numerologies within a same NR carrier bandwidth (from network perspective) is supported using FDM and/or TDM multiplexing [10]:

	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


Some use cases and potential benefits of mixed numerology are discussed in section 2. Ways to deal with it in terms of frame structure, reference-signal- and multi-cell-aspects are addressed in section 3.
2
Use Cases and Potential Benefits of UE/service-specific numerology
The choice of multi-carrier numerology is driven by the propagation environment and the services to be supported: Short symbol duration and thus larger subcarrier spacing is desirable for low latency and high velocity use cases. Long symbol duration and thus smaller subcarrier spacing is attractive for high delay spread and multicast/broadcast services. The answer of LTE design to these issues was a compromise numerology that focused on broadband and traded off the objectives of all purposes (with the exception of MBMS where a long CP could be time multiplexed). This compromise has its limitations with respect to supporting newer traffic requirements, such as high velocities and low latency. Frequency multiplex is better suited when combining URLLC and NR MBMS, as the time multiplex would compromise the low latency targets. When trying to aim for a single numerology per carrier with a compromise numerology for URLLC, the TTI will contain only very few OFDM symbols, which especially in the uplink either creates pilot overhead- or PAPR issues [11].
NR can offer an attractive possibility allowing the network to pick the appropriate multi-carrier parameters for the respective propagation environment and service needs of each user. To keep the effort for this functionality at a reasonable level an approach based on a limited set of configurations is to be preferred, where the respective table entry is selected, depending on e.g. measurements, delivered service and device characteristics.). 
In principle, signals with different optimized configurations (e.g. in terms of numerology) for the broad range of new radio use cases can be transmitted by: 

1. using different carriers, each with its adjusted parameter setting (subcarrier spacing) bundled by carrier aggregation. 

2. or by relying on a waveform which allows to multiplex different air interface configurations for the different use cases side-by-side on the same carrier in a FDMA/TDMA manner. 

The second option provides multiplexing gains, as the load per service typically varies over time and space. Resources allocated to different types of services can be dynamically shifted, generating increased flexibility. 
In addition, some traffic types such as low-latency lead to constraints for the scheduling – as a result it is not possible to schedule all resources of a frequency band with only this traffic type. Mixing with latency-elastic traffic helps here. 
As a result, the second option ensures a more efficient use of carriers. 
While the multiplexing of different services, each with optimized configurations, is best aligned with the requirements given in [2][3] and provides the advantages mentioned above, basic CP-OFDM (including state-of-the-art solutions with a full band carrier filter for LTE spectral mask fulfilment) would significantly suffer from inter-carrier interference due to poor in-carrier spectral localization.
The above described aspects suggest that user-specific numerology is highly desirable for new radio. In [11] for high velocity and low latency use cases, performance benefits of the numerology adaptation were shown: Compared to the LTE frame structure based on 15 kHz subcarrier spacing, for high velocities a NR adjustment with 30 kHz subcarrier spacing could prevent a factor 3 loss in spectral efficiency. On the other hand 15 kHz was still better for low velocities, motivating a switching of numerology. The second example addressed in [11] was an uplink low latency setup when considering pilot overhead and pilot boosting. Here 30 kHz subcarrier spacing could show around 20% higher spectral efficiency, compared to 15 kHz. Both examples thus show use-case-specific and propagation-condition-specific adaptation of numerology is beneficial.
Observation 1: Previous results indicate performance benefits when using UE/service-specific numerology, e.g. for mixing use cases with different velocities or latency requirements.

3
Frame Structure Considerations 
A prerequisite for mixed numerologies is a waveform which enhances basic OFDM in terms of in-carrier spectral localization. Otherwise, when using only basic OFDM, there may be strong drawbacks, which can be observed in the waveform comparison results, such as in [14]. As mentioned, filtering and windowing are both options. Subband-filtering has has the tendency to be the stronger alternative in terms of spectral efficiency, compared to windowing. This holds also for the case when the impact of power amplifier nonlinearities is included in the model [15], at least with the currently used PA model parameter settings in terms of output power operation point.
3.1 Basic frame setup alternatives for mixing numerologies
In principle we have several options to deal with several different numerologies inside the same carrier: The extreme cases are: Either we allow each resource block to have a different numerology. Or we split the carrier into one contiguous portion for each appearing numerology. The former alternative comes with high signaling overhead and non-negligible inter-carrier interference or guard band overhead. The second alternative does not allow for much flexibility in resource usage. For this reason we suggest to consider alternatives in between: The tiling concept, based on resource block grouping.

3.2 Resource Block Grouping: Tiling concept
The basic idea of the tiling concept has been addressed e.g. in [11]: A physical resource block group (RBG) (“tile”) can be seen as a configurable larger resource group chunk with homogeneous numerology or other PHY/MAC parameters (such as TTI length, waveform parameters, such as active DFT-spreading, or tight/relaxed time-frequency alignment). Each RBG may have different numerology / parameters. This enables NR to provide a configurable air interface. 
Since the RBGs are larger groups of resource blocks with identical numerology, they also help to further reduce residual inter-carrier interference as compared to having different numerology for each resource block. Further discussion of resource block properties including guard bands is done in [12]. 
Example RBG sizes are e.g. 720 kHz or 1440 kHz in frequency and 1 ms in time. Figure 1 shows an example portion of the band using the tiling concept.
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Figure 1 – Basic illustration of the resource block grouping (tiling concept) for the uplink.

· A RBG is defined as a time-frequency region of constant size

· The radio frame consists of consecutive RBGsin time- and frequency direction

· A RBG is characterized by the numerology parameters used

· TTI length

· Symbol length and subcarrier spacing

· Number of subcarriers per resource block

· Derived parameters are: Number of symbols per TTI, number of TTIs per tile, number of subcarriers per tile and number of resource blocks per tile.

· A RBG consists of consecutive resource blocks in time- and frequency direction

· A resource block is the smallest possible allocation unit

· RBG configuration could make use of profiles, sets of configuration parameters and features of the radio system. In future NR releases, new profiles can be added. Each 5G profile (containing a set of supported tile types etc.) can use its own types of tiles, i.e. a new profile can provide a new tile type appropriate for a certain purpose not known today.

· Two different RBG types; one with and one without CSI-RS
· RBGs with or without guard bands at its upper and/or lower end, as discussed in [12].
It is proposed that resource blocks for different numerologies have the same number of resource elements, for simplifying  PRB usage, w.r.t. coding performance and LTE similarity. As depicted by figure 1 and discussed in [12] this leads to different absolute PRB sizes in time and frequency, 

The basic usage of RBG tiling simplifies also a 2-D scheduling problem with different TTI lengths: The scheduler pre-allocates RBGs, according to service and user demands in a time structure given by the tile sizes, e.g. 1ms. Each RBG uses its own TTI length and numerology from a predefined set. The actual „1-D“ scheduling is then carried out within the tiles. In case the pre-allocated URLLC tiles are not sufficient, a pre-emption is possible as it is illustrated in figure 2.

[image: image2]
Figure 2 – Example for “hijacking“ RBG tile in case of URLLC service needs.

Proposal 1: Grouping of resources into resource block groups (RBG) with same numerology should be considered as a solution for enabling mixed numerology and a configurable air interface. 
Proposal 2: The RBG has a common absolute size in both time and frequency and it defines the minimum granularity for variable numerology within a same NR carrier bandwidth.
Proposal 3: The size of one physical resource block (PRB) in terms of number of resource elements is common for all numerologies.
3.3 Multi-cell aspects of the tiling concept
This section deals with the options for the level of multi-cell coordination of tiles which are available and its potential handling. In principle the following coordination options (discussed in detail further below) are possible:

· No coordination

· Implicit coordination

· Partial coordination

· Full coordination 

Different service requirements (e.g. low latency, high speed) lead to different parameterization of the time-frequency allocation of the user (e.g. different subcarrier spacings and symbol lengths, respectively). During the connection setup, a user informs the network about its service requirements. This set of requirements and the derived physical parameters are the basis of an implicit (without signaling exchange between TPs) or explicit (with signaling exchange between TPs) coordination between neighboring TPs with the aim to minimize mutual interference between cells. The assignment of radio resources for the UEs is based on the coordination. As an example: UEs with a certain numerology are preferably scheduled in a certain frequency sub-band. The principle applies for both uplink and downlink. The potential approach can be summarized in the schematic view of figure 3.
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Figure 3: Schematic view of service triggered coordination
Figure 3 is discussed with the following example: Assume that a first set of devices requests means for coverage extension, e.g. smart meters installed in the basement of buildings. The derived physical layer requirement for these devices is a long OFDM-symbol duration. Simultaneously, a second set of devices requests stringent means for ultra-low latency, e.g. for road safety messages. The physical layer requirement needed for these devices is a short OFDM-symbol duration. Both sets of devices indicate their respective requirement during or after connection set-up. Hence all TPs are aware of the requirements of their respective connected devices and configure the assigned radio resources accordingly. Details for initial access with mixed numerology are discussed in [16]
As a next step, the TPs exchange the service triggered configuration of the connection. Methods state of the art may be utilized for the explicit coordination via backhaul, using the X2 interface. The aim of this explicit coordination is that all TPs schedule UEs utilizing the same numerology, e.g. signals with 30 kHz subcarrier spacing in one particular frequency sub-band, hence aligning the RBGs. This is illustrated in Figure 4. Please note that the number of allocations with a certain numerology may be different for each TP. The coordination includes therefore the possibility to postpone the service of a certain UE in order to achieve a better match between the TPs in each Transmission Time Interval (TTI).
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Figure 4: Time-frequency allocations (RBGs) with different numerologies (15 kHz, 30 kHz, and 60 kHz subcarrier spacing) of two TPs without coordination (left) and with coordination (right)

As alternatives, implicit coordination, e.g. a multi-cell alignment of numerologies through sorting the RBGs according to increasing subcarrier spacing can be applied, or a scheme where a sub-set of RBGshave to follow a pre-configured fixed numerology may be envisaged.

Implicit multi-site coordination of time-frequency chunks by sorting

As one option the coordination of time-frequency chunks is done implicitly, i.e. without explicit exchange of the current configuration between different TPs. This can be easily achieved by sorting the allocations e.g. according to increasing subcarrier spacing. All transmission points transmit the allocations with 15 kHz subcarrier spacing (blue boxes in Figure 3) preferably in one certain part of the system bandwidth, and all allocations with 30 kHz subcarrier spacing (orange boxes in Figure 3) preferably in another part of the system bandwidth. As consequence, it is more like that different TPs send or receive allocations of the same type in one particular frequency- sub-band. Also, with the same principle, the probability that numerologies causing maximal mutual interference are transmitted in the same frequency sub-band can be minimized.
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Figure 3: Illustration of the effect of implicit multi-TP coordination by sorting. The number of sub-bands with different numerologies in cell 1 and cell 2 is minimized

Implicit multi-site coordination of time-frequency chunks by fractional allocation
Similar to fractional frequency reuse, allocation may be organized by semi-static partitioning of the total N tiles of a carrier among a set of n different numerologies by assigning RBGs ((i−1)/n*N( to (i/n*N( to numerology i. If more RBGs are needed for a certain numerology I, allocations may grow (with wrap-around) into adjacent partitions (i-1) mod N and (i+1) mod N, respectively, before finally filling any remaining RBGs. Compared to sorting, this maximizes the number of RBs with same numerology also among non-fully loaded TPs.
Partial pre-configuration of time-frequency chunks

As it is very likely that in all cells a certain amount of “default” numerologies useful for a broad range of services, e.g. with 15 kHz subcarrier-spacing, will be required, it may be useful to allocate these allocations semi-statically throughout the multi-cell deployment as shown in Figure 5. In other words, all TPs apply the same pattern of the “default” numerology .This would limit the addressed problem of mutual interference to the remaining part of the allocations, that can be still dynamically assigned in each cell with the required configuration (in our example 15, 30, or 60 kHz).
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Figure 5: Illustration of partial pre-configuration.

	Technique
	Numerology Alignment priority
	Remark

	Blanking of resources
	0 (none)
	

	Single cell transmission
	0 (none)
	

	Interference rejection combining (Multi-cell linear MMSE receive combining)
	1 (low)
	Spatial suppression of interference also brings benefits in non-aligned numerology

	Inter-cell interference cancellation
	2 (high – should be aligned)
	Frequency-domain based IC techniques are only reasonable when the same numerology is used in the cells of interest. Time-domain IC techniques are possible without numerology alignment.

	Coherent joint transmission
	3 (highest - must be aligned)
	Coherent combining of symbols across different cells demands same numerology


Table 1 – Numerology alignment priority table for each multi-cell coordination technique

Observation 2: Different levels of coordination of numerology among cells are possible. The need for coordination depends on the processing technique.
Proposal 4: New Radio should provide possibilities of at least partial numerology coordination via the inter-base-station interface (the NR variant of the X2 interface).
3.4 Multi-cell reference signal- and sounding design
In the mixed numerology case the properties of pilot and sounding sequences across multiple cells when different numerologies are used in different cells is an issue which needs to be addressed. When certain well defined cross-correlation properties are anticipated, e.g. supported by Zadoff-Chu sequences, there needs to be a proper way of alignment between different cells.
An appealing solution is when CSI-RS are time multiplexed with control/data transmissions, cf. Fig. 6. The numerology of CSI-RS is typically aligned among TPs, while the control/data/DMRS numerology is regularly chosen independently and is not aligned among TPs except when e.g. UE signals is transmitted by multiple TPs (DL CoMP) or to simplify SIC processing (as discussed above in section 3.2). Even within a single TP different control/data numerologies may by applied on the same time frequency resources, e.g. when different UEs are served simultaneously on the same resources using spatial multiplexing (MU-MIMO). The time multiplexing is motivated from the target of avoiding inter-(sub-)carrier interference, as CSI-RS and data numerologies may differ. Note: Especially when multiple CSI-RS numerologies are applied within a multi-TP system, there may exist boundaries between regions applying a specific CSI-RS numerology. Therefore having TPs with different CSI-RS numerology on the very same time frequency resource, although not preferred, may still occur, but with the drawback of hampering inter-TP channel measurements.
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Figure 6 – Numerology examples and multiplexing option of CSI-RS (downlink) or sounding RS (uplink) for multiple cells.
Proposal 5: New Radio should provide possibilities of reference- and sounding symbol numerology alignment across multiple cells. For those reference and sounding symbols time-multiplexing with the option of full numerology alignment across different cells should be considered.
4
Conclusion
In this contribution we have discussed implications on frame design stemming from mixed numerologies. Use cases and potential benefits were discussed, as well as multi-cell aspects including reference symbol- and sounding design. The resulting proposals and observations can be summarized as follows:
Observation 1: Previous results indicate performance benefits when using UE/service-specific numerology, e.g. for mixing use cases with different velocities or latency requirements.
Proposal 1: Grouping of resources into resource block groups (RBG) with same numerology should be considered as a solution for enabling mixed numerology and a configurable air interface. 
Proposal 2: The RBG has a common absolute size in both time and frequency and it defines the minimum granularity for variable numerology within a same NR carrier bandwidth.
Proposal 3: The size of one physical resource block (PRB) in terms of number of resource elements is common for all numerologies.
Observation 2: Different levels of coordination of numerology among cells are possible. The need for coordination depends on the processing technique.

Proposal 4: New Radio should provide possibilities of at least partial numerology coordination via the inter-base-station interface (the NR variant of the X2 interface).
Proposal 5: New Radio should provide possibilities of reference- and sounding symbol numerology alignment across multiple cells. For those reference and sounding symbols time-multiplexing with the option of full numerology alignment across different cells should be considered.
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