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Discussion and Decision 
1
Introduction
The waveform for below 6 GHz has to be able to address a highly heterogeneous set of requirements due to diverse service needs and propagation conditions in this carrier frequency range. Waveforms of the OFDM family (including their SC-FDMA variants) are a good choice in this frequency range. In this contribution we first discuss the requirements to waveforms, then the resulting consequences on standardization (regarding spectral localization) and the resulting candidate technologies of interest.
2
Multi-Service-Driven Waveform Requirements 
According to [2], a much broader range of usage scenarios has to be supported by the New Radio, “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.” According to [3] 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)
Additional support for very high velocities is anticipated. These diverse services motivate very different waveform configurations: Short symbol durations and thus larger subcarrier spacings are desirable for low latency and high velocity use cases. Long symbol durations and thus smaller subcarrier spacings are attractive for high delay spreads and multicast/broadcast services. The answer of LTE design to these issues was a compromise numerology that 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 latencies: When using 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 [5].

In mMTC, small sporadic packets have to be delivered with low overhead demanding for light-weighted protocol solutions, e.g. 1-stage / 2-stage protocols [4][11], which benefit in terms of overhead when relaxing synchronicity by skipping the timing advance procedure as e.g. applied in LTE and only relying on downlink synchronization.

The waveform for below 6 GHz has to be able to address this highly heterogeneous set of requirements due to diverse service needs and propagation conditions in this carrier frequency range. Waveforms of the OFDM family (including their SC-FDMA variants) [12] are a good choice in this frequency range, due to high flexibility in multiple access, good MIMO compatibility and low complex FFT-based implementations with scalar equalization.
Observation: Waveforms from the OFDM family are a good choice in this frequency range, due to high flexibility in multiple access, good MIMO compatibility and low complex FFT-based implementations with scalar equalization.
User-specific numerology is highly desirable for new radio [5]. With this, the network can pick the appropriate multi-carrier parameters for the respective propagation environment and service needs of each user (to keep the effort required for this functionality at a reasonable level a code-book based approach is to be preferred, i.e. based on measurements, delivered service and device characteristic the respective table entry is selected). In principle, different optimized configurations (e.g. in terms of numerology) for the broad range of new radio use cases can be addressed 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 is able to multiplex different air interface configurations for the different use cases side-by-side on the same carrier in an FDMA manner. 

The second option provides multiplexing gains, as the load per service typically varies over time and space. Resources allocated to different type of services can be dynamically shifted, generating increased flexibility. This 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 contains 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 consequence for new radio waveforms: in order to address the needs of a multi-service air interface we need an improved intra-carrier spectral localization compared to basic CP-OFDM for mixing different numerologies on the same carrier, as well as allowing for mMTC traffic with relaxed time-frequency alignment. A positive side-effect of the improved spectral localization will be an increased suitability for fragmented spectrum and a few percent more available radio resources due to the possibility of guard band reduction. 
Proposal 1: We propose to study the benefits of UE/service-specific numerology by taking into account complexity and testing burden. 

3
Waveform candidate technologies

Standardization of the new air interface should incorporate this improvement in spectral localization, either by demanding an intra-carrier adjacent channel leakage ratio (ACLR) (to be defined in the sense that “channel” represents a user allocation) or by defining the actual used signal format. While applying techniques for intra-carrier spectral localization was optional in LTE, the new requirements on the new radio air interface would necessitate the standardization of such approaches. The improved spectral localization primarily protects others w.r.t. inter-carrier interference. 
For improving the spectral localization we can either rely on windowing (which has a close relationship to subcarrier-specific filtering [6]) or on subband-wise filtering. In [6] it has been shown that the latter is superior. A subband-filter provides a steeper side-lobe level decay for the overall allocation than the effect of windowing as shown in Figure 1. (Figure 1 is generated based on inter symbol interference (ISI)-free transmission in flat channels thus limiting the filter impulse-response length and the window length. The figure is just for illustration of the basic capabilities. The used parameters are examples. Impacts like e.g. the used power amplifier are not considered.)
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Figure 1 – Spectrum of UF-OFDM (generated by ZP-OFDM and a length L=74 subband-filter, Dolph-Chebychev with 26 dB side lobe attenuation) with an impulse response equally long as the ZP compared to windowed CP-OFDM (window size equal to the cyclic prefix, raised cosine edge with roll-off α≈0.08) for an FFT length N = 1024
Subband-wise filtering is delivered by the UF-OFDM waveform [7][10][13], also known as Universal Filtered Multi-Carrier (UFMC). In this framework, a temporal extension for protecting against delay spreads can be achieved either by zero postfix (ZP) or cyclic prefix (CP). A ZP has proven to be slightly more robust against frequency offsets coming from either high velocities (high Doppler) or local oscillator inaccuracies. Its temporal guard period is appealing for reconfiguration of analog beamforming hardware (interesting for higher carrier frequencies). 

UF-OFDM allows for making use of the huge knowledge base being available for CP-OFDM and keeping valid design decisions of LTE related to the physical layer to be part of the new radio. Key CP-OFDM benefits can be kept, such as: the possibility to apply frequency selective scheduling, the use of one-tap equalization, as well as simple applicability of complex precoding mechanisms. UF-OFDM’s improved spectral localization enables the air interface of the new radio to be highly configurable. It even allows for CP-OFDM to coexist with UF-OFDM within a single carrier [8]. Regarding complexity, when considering the overall baseband complexity, the UF-OFDM complexity increase compared to basic CP-OFDM is small. In use cases where PAPR is important, i.e. for the uplink where needed, we propose to combine UF-OFDM with DFT-precoding in order to obtain an SC-FDMA variant of UF-OFDM for PAPR reduction. The price of increased flexibility is a slightly higher sensitivity to delay spread. However, for deployments with intercell-distances up to few km and with reasonable numerology settings, this impact is negligible. Protection against high delay spreads can be increased by inserting in a user-specific manner zeros at the edge of the DFT-precoder [9] or by optimizing the filter configurations keeping parts of the CP/ZP for delay spread protection by reducing the length of the filter.
Proposal 2: We propose to study the benefits of subband-wise filtering (with the UF-OFDM candidate technology) and propose to further compare windowing and filtering options throughout the study item.

In general, when the receiver knows what kind of filter has been used it can go for matched processing which at least slightly improves performance. Standardized subband filtering helps better supporting the configurable multi-service air interface. In order to minimize the amount of standardization options we propose to standardize the filter low-pass response for allocation sizes of 1-4 PRBs. (It is for further study whether two or three variants of filter responses should be standardized, e.g.: no filter, short filter, long filter.) When larger allocations are used this can be achieved by using several parallel subband filters, each for its respective part of the allocation.
The UF-OFDM waveform is described in further detail in [13], discussing transmitter and receiver complexity, pre-/postfix, filter choice and options for delay spread protection, as well as pre-equalization of the filter at transmitter side. [13] also aims to remove existing misconsceptions on UF-OFDM and Universal Filtered Multi-Carrier (UFMC).
4
Conclusion
In this contribution we have discussed requirements and needs of a multi-service-driven air interface and its impact on waveforms.
For the lower carrier frequencies of the new radio (up to 6 GHz) we see the need for a configurable multi-service air interface as very important and thus the need of multiplexing diverse services on the same carrier. 
Proposal 1: Study the benefits of UE/service-specific numerology by taking into account complexity and testing burden. 
Given this context, the new radio waveforms with a stronger spectral localization than CP-OFDM should be considered, allowing for an FDMA-multiplex of different configurations (e.g. w.r.t. numerology) on the same carrier. This can be achieved by either windowing or filtering. Subband-wise filtering has a slightly stronger spectral localization than windowing. 
Proposal 2: Study the benefits of subband-wise filtering (with the UF-OFDM candidate technology) and further compare windowing and filtering options throughout the study item.
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