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Discussion
1
Introduction
This document discusses the usage of subband-wise filtered OFDM [1], in particular UF-OFDM, in the light of the recent agreement in the RAN1 discussion.
The agreement in the waveform discussion is the following [2]:

· At least up to 40 GHz for eMBB and URLLC services, NR supports CP-OFDM based waveform with Y greater than that of LTE (assuming Y=90% for LTE) for DL and UL, possibly with additional low PAPR/CM technique(s) (e.g., DFT-S-OFDM, etc.)

· Y (%) = transmission bandwidth configuration / channel bandwidth * 100%

· RAN1 specification will support transmission bandwidth configuration corresponding to Y up to approximately100%

· Some evaluations in RAN1 show that Y for a NR carrier can be up to 98% of the evaluated channel bandwidths for both DL and UL without complexity and latency constraints [R1-166093]

· Note: additional pre-processing techniques on top of CP-OFDM are not precluded, e.g., OTFS

· Additional waveforms may be supported by NR for e.g. other services (e.g. mMTC)
· It is recommended that RAN4 should target to support eNB/UE with Y significantly higher than 90% when defining the RAN4 requirements where the specification of Y should consider complexity and latency constraints

· In-band frequency multiplexing of different numerologies is supported in NR for both DL and UL, at least from the network perspective

· It is expected that spectrum confinement on sub-band basis is specified as requirements on

· Transmitter side in-band emission and EVM requirements 

· Reception performance in presence of other-subband interferer

· The definition of sub-band is FFS

· From RAN1 perspective, spectral confinement technique(s) (e.g. filtering, windowing, etc.) for a waveform at the transmitter is transparent to the receiver

· Inform RAN4 the above agreements

· RAN1 plans to perform more evaluations on waveform and will inform RAN4 with future updates, if any
2
Discussion
2.1 
Basic transceiver discussion
The block diagram in figure 1 depicts the transceiver part for a particular subband input, supporting an optional single carrier variant via DFT-spreading (DFT-s) and a per-subband filter.
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Figure 1 – Generic UF-OFDM transmitter block diagram 
· As discussed in [1] and illustrated in figure 1, UF-OFDM can be operated with CP instead of ZP. Following the agreement [2], this CP option should be used and allows the implementation-specific usage of UF-OFDM as a new radio waveform for improved spectral localization. Hence it will help to fulfill in-carrier spectral masks which are to be defined by RAN4. From a fundamental perspective [3] there is not much difference when using ZP or CP.
· The actual filter choice for subband-wise filtering needs to consider both the spectral masks and the BLER performance, in particular in presence of higher delay spreads. We have shown results where shorter filters help to combat delay spreads: In [4] results with filter length L and L/2 were shown, where L/2 was clearly better in terms of delay spread protection. The actual filter design choice will be up to the implementer; Dolph-Chebychev-based designs (see e.g. [1]), will also be an option for CP-based UF-OFDM.
· Previous work, e.g. [5-7], has shown that different receiver options can be combined with a  UF-OFDM tranmitter, e.g. it can be also combined with windowing at the Rx. This is confirmed by current results [8]. In [8] CP-UF-OFDM performance is similar to f-OFDM performance with just one seventh of the filter length of f-OFDM. 
Furthermore, at the transmitter side it has been shown that subband-filtering can be emulated by multiple (e.g. 3) parallel windows [9,10]. This means that, depending on the actual implementation, there is no hard separation line between windowing and filtering. Trade-offs between complexity and performance are possible by adjusting the number of multiple parallel windows, starting from a single one.
· As mentioned, future waveform discussion in RAN4 will focus on the definition of the spectral mask. UF-OFDM spectral containment has been shown to be well suitable for mixing numerologies [4,5]. Hence, the results on UF-OFDM spectral containment in conjunction with PA models could be a good starting point for the definition of a spectral mask.
2.2 
Spectrum
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Figure 2 – Spectrum of waveform candidates for 1 PRB, including polynomial PA model with parameters according to [7]. For UF-OFDM both CP- and ZP-variant are shown, resulting in very similar spectral characteristics. 
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Figure 3– Spectrum of waveform candidates for 4 PRB, including polynomial PA model with parameters according to [7]. For UF-OFDM both CP- and ZP-variant are shown, resulting in very similar spectral characteristics. 

In figure 2 and 3 we see the spectral containment of waveform candidates in conjunction with the uplink power amplifier models.
Observation: Spectral containment of CP-based UF-OFDM is very similar to ZP-based UF-OFDM.
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Figure 4 –BLER of Case 3, according to [7], with synchronous transmission, power amplifier and DS=300ns (synchronous single numerology (15kHz) uplink); perfect channel knowledge; Interference Power Offset=0 dB; 0 in-band guard subcarriers used 

Observation: Performance of CP-based UF-OFDM in synchronous transmission is very similar to ZP-based UF-OFDM.
3
Conclusion
The contribution is concluded by summarizing our main points.
Observations: 

· UF-OFDM with CP can be used in an implementation-specific manner as a waveform for 5G NR with improved spectral localization
· Depending on the actual implementation, there is no hard separation line between windowing and filtering.
· Spectral containment of CP-based UF-OFDM is very similar to ZP-based UF-OFDM.
· Performance of CP-based UF-OFDM in synchronous transmission is very similar to ZP-based UF-OFDM.
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