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1	Introduction
In the RAN meeting a new study item was approved to study the new radio access technology [1]. In this contribution we discuss the need for a new waveform to meet various NR requirements. The contribution is organized as follows:
· Section 2 discusses the NR requirements and LTE OFDM waveform 
· Section 3 discusses Filtered CP-OFDM trade-offs
· Section 4 discusses Filter Bank Multi-Carrier benefits and trade-offs
· Section 5 discusses Frequency Spreading Filter Bank Multi-Carrier 
· Section 6 presents conclusion and summary
2	NR requirements and LTE OFDM waveform
In LTE, Orthogonal Frequency Division Multiplexing (OFDM) has been an elegant solution to combat frequency selectivity and improve spectrum efficiency. However, the NR should offer improved features in order to provide capabilities for new services and deployments [2]. In terms of these new requirements OFDM appears insufficient.  For example, in OFDM the out-of-band emissions (OOBE) require guard bands to meet spectrum mask and to avoid ISI and time dispersion due to the radio channel, a cyclic prefix (CP) is added. Both of these solutions result in spectral inefficiency. In addition to the above, OFDM requires stringent synchronization for time/frequency alignment to maintain orthogonality between the sub-carriers; otherwise there is significant performance degradation. To achieve subcarrier orthogonality a heavy price is paid in additional signalling for synchronization (e.g., Timing Advance and SRS signals in LTE).      
Observation: To overcome all of the above inefficiencies of OFDM and to meet the new requirements a new waveform should be considered.
In order to meet the new requirements and to avoid the above OFDM limitations, various new waveform candidates have been researched [3], [4], [5]. These include various filtered OFDM variants where filtering can be performed from the subcarrier level (Filter Bank Multicarrier, FBMC) to a sub-band level (e.g., a resource block in LTE).  The latter is also known as Universal Filtered Multi-Carrier, UFMC.  Reference [4] includes a good comparative analysis between CP-OFDM (LTE), UFMC and FBMC that highlights the trade-offs and benefits the last two waveforms may offer for 5G applications, especially for small-packet (e.g., MTC) and low-latency transmissions that may require small TTIs.  In this paper we mainly discuss the two candidates (i.e., the leading candidates for consideration over legacy LTE OFDM) – Filtered CP-OFDM (F-OFDM) and FBMC.  

3	Filtered CP-OFDM and its Trade-offs
In the proposed F-OFDM [5] technique the idea is to split the transmission channel into sub-bands, maintain an independent OFDM system within each sub-band and apply filtering to each sub-band to reduce the OOBE. On the surface, F-OFDM overcomes many of the OFDM limitations, but most of the issues remain. For example, with sub-band-based filtering in F-OFDM the synchronization requirements are relaxed but not completely removed. Similarly, the OOBE in F-OFDM is suppressed but still requires guard bands, although the number of guard bands relative to OFDM is reduced. Additionally, a proper filter design is required because filtering causes long tails in the time domain resulting in significant ISI. One solution to suppress the ISI caused by the filters is to extend the duration of the CP further [5]. Another solution is the one adopted in UFMC. In UFMC CP is replaced by a set of zero samples and a filter whose length can be as long as the CP length is used. But, when the channel effect is considered, UFMC setup will suffer from ISI. Clearly, such choices tend to defeat the purpose of having F-OFDM over OFDM in the first place. 
Proposal: F-OFDM/UFMC should be considered as one of the waveform candidates; however, a proper analysis must be performed to understand the trade-offs against conventional OFDM.

4	Filter Bank Multi-Carrier Benefits and its Trade-offs
FBMC is a generalized version of OFDM where each subcarrier is shaped by a well-designed prototype filter instead of the traditional rectangular pulse with its sinc-shaped spectrum filter. The prototype filtering offers several advantages over the traditional filtering and in the process confronts most of the OFDM/F-OFDM/UFMC limitations. 
As in F-OFDM/UFMC, FBMC also divides the transmission channel into sub-channels and with the combination of offset quadrature amplitude modulation (OQAM) maintains orthogonality between the neighbouring sub-channels. This removes the need for having a guard time or CP as in OFDM and thus improves efficiency.
Furthermore, the OOBE is greatly reduced in FBMC thanks to frequency-localized prototype filtering. As a result of near-perfect filtering, the need for tight-synchronization to avoid non-orthogonality between the subcarriers is also mitigated. These qualities of FBMC have several benefits in implementing asynchronous multiple access schemes that are crucial for uplink transmissions. As discussed in [6] FBMC’s property of being resistant to frequency de-synchronization helps in improving the performance of downlink CoMP techniques and makes it more practical in the presence of both timing and frequency offsets. For brevity, we recommend [7, 8] for further details.
The above FBMC advantages come at the expense of additional complexity due to filtering.  However, as mentioned before, it should be  noted that the synchronization steps which are necessary for adoption of OFDM in a multi-user network also add significant complexity and hence, bring the overall network complexity of OFDM to a level comparable to or higher than that of FBMC. 
5	Frequency Spreading FBMC (FS-FBMC)
Polyphase structures are commonly used for efficient implementation of the FBMC synthesis filter bank at the transmitter and the FBMC analysis filter bank at the receiver [10]. More recently a new receiver structure has been proposed in [9]. This structure that is named FS-FBMC analyzes the received signal into a fine set of frequency bins that are K times greater than the number of subcarriers. Subsequently, the subsets 2K-1 of the analyzed signal samples are linearly combined together to perform channel equalization at a high accuracy level. It is also worth noting that a receiver based on FS-FBMC reduces the transmission latency considerably when compared to those structures that use an FIR filter per subcarrier band for channel equalization [9].
Figures 1 and 2 present an FBMC transmitter synthesis filter bank in a polyphase structure and an FBMC receiver analysis filter bank in a frequency spreading structure, respectively. The transmitter is implemented using a prototype filter  where  are the polyphase components of  . The length of  is equal to .  At the receiver side on Figure 2, following FS-FBMC [9], an FFT of size  is applied and sets of  output samples of it are linearly combined to generate the equalized outputs which will be the estimates of the transmitted data symbols (signified by    symbols). 


Figure 1: Polyphase Filter Bank Transmitter Implementation




Figure 2: FS-FBMC Receiver Implementation.
Observation: FBMC systems provide much better spectral shaping and relaxed output filter requirements than OFDM.   
Proposal: FBMC should be considered as one of the waveform candidates, including a detailed analysis of its benefits vs. complexity trade-offs. 
6	Conclusion
In this contribution we made the following observations and proposals:
Observation: To overcome all of the above inefficiencies of OFDM and to meet the new requirements a new waveform should be considered.
Observation: FBMC systems provide much better spectral shaping and relaxed output filter requirements than OFDM.
Proposal: Filtered OFDM/UFMC should be considered as one of the waveform candidates; however, a proper analysis must be performed to understand the trade-offs against the conventional OFDM.
Proposal: FBMC should be considered as one of the waveform candidates, including a detailed analysis of its benefits vs. complexity trade-offs.
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