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1. Introduction 
During the 3GPP RAN1 #86 the following agreements were made [1]
· 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
Based on that, RAN1 should verify if the existing proposals to improve the spectral containment of CP-OFDM currently being proposed, namely windowing [2] and filtering [3], are really transparent to the receiver side and do not have an impact in RAN1 specification. This contribution considers those proposals in detail, verifies if they are transparent to the receiver and if not, what impact they have in RAN1 specification and under what conditions they can become transparent and have no impact in RAN1 specification.
2. CP-OFDM with windowing
A very popular method to improve the spectral containment is windowing operation in the time domain. It has a very low complexity and is simple to implement [2]. However, windowing may not entirely fulfill the agreement from RAN1 #86 as explained below.

In Figure 1, the windowing operation is illustrated. It is assumed here that no performance loss due to inter-carrier or inter-symbol interference occurs due to the windowing. In other words, windowing with preserved orthogonality between the subcarriers. In Figure 1 A), a conventional sequence of OFDM symbols including the CP and without windowing is depicted. To employ windowing, an additional number of samples needs to be attached before the CP, as shown by the green region in Figure 1 B). This is equivalent to an extension of the CP. Next, this new CP extension is multiplied by a quarter period of a raised cosine function. Moreover, a similar number of samples is taken from the beginning of the OFDM symbol and attached to its end, what is called a cyclic postfix and is depicted in purple in the figure, which is then multiplied by another quarter period of a raised cosine function.  The same extensions are performed for the following symbols and, before transmission, the postfix of each symbol is added to the extended prefix of the subsequent symbols as also shown in Figure 1 B). The windowing at the receiver side is illustrated in Figure 1 C) and D). In Figure 1 C) it is assumed that the original CP-OFDM signal without extensions of Figure 1 A) was transmitted. In Figure 1 D) it is assumed that the CP-OFDM signal with extensions of Figure 1 B) was transmitted. In both cases the quarter period of raised cosine functions are multiplied by the last samples of the CP and the last samples of the symbol. Those two segments, in green and purple in the figure, are finally added before the OFDM symbol without the CP is transformed by the FFT.
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Figure 1 CP-OFDM signal with/without Tx and Rx windowing
With that, the following observation can be made regarding windowing:

Observation 1: The windowing operation in transmitter side requires an extension of the CP length, as a consequence the receiver needs to know if a shorter or a longer CP was transmitted, making windowing not transparent to the receiver.
As an alternative to the windowing with preserved orthogonality between the subcarriers, one could avoid the CP extension. In this case a partial inter-symbol interference will happen, what results in inter-carrier interference, depending on the channel conditions. In this case the following observation and proposal can be made
Observation 2: If no CP extension is applied, windowing will incur in SNR losses due to inter-carrier interference. There is a trade-off between SNR-loss vs. spectral containment.

Proposal 1: If windowing without CP extension is employed, the trade-off between SNR loss vs spectral containment needs to be evaluated, given different channel delay spreads.
3. CP-OFDM with filtering
Another conventional way to improve the spectral containment is by filtering. Traditionally, every wireless communication system needs filtering at some stage. But according to the agreement on NR from RAN1 #86, the filtering of the CP-OFDM system needs to be performed in a particular way. While in conventional single carrier signals the filtering itself will be responsible for shaping the spectrum of the transmit signal, as well as band-limiting it, the so called pulse shaping, in NR the filtering should not affect the shape of the spectrum of the CP-OFDM signal. In order to achieve the spectral containment and avoid that the receiver needs to know the filter at the transmitter, as mentioned in the agreement from RAN1 #86, the passband of the filter should be slightly broader than the spectrum of the CP-OFDM signal, the transition band of the filter needs to be as sharp as possible and the stop-band should have a very good attenuation to reduce the energy in the out-of-band region of the CP-OFDM spectrum. In Figure 2 it is illustrated how filtering should be applied to the CP-OFDM signal in order to fulfill the requirements in the agreement from RAN1 #86.
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Figure 2 Illustration of the filtering operation

The following observation can be made based on the previous analysis:

Observation 3: The filtering operation can be made transparent for the receiver side, if the shape of the original OFDM signal, including pass-band and transition band, is not modified by the employed filter. 

It is well known from classical signal processing that high stopband attenuation combined with sharp transition band can only be achieved by filters with a high order [4]. A very popular choice in wireless communications are finite impulse response (FIR) filters, due to their inherent stability, simple design and the possibility of having strictly linear phase, if the impulse response is symmetric [4]. But to achieve the frequency response requirements from NR, FIR filters impose two significant drawbacks: very high order, translated in much higher complexity than windowing and, consequently, high group delay, especially if they have linear phase. The high group delay would strongly affect the interval between transmit and receive modes in TDD systems. 
Although the big number of coefficients would imply a very high complexity, especially if a linear convolution is directly implemented in the time domain, for FIR filters other implementation possibilities exist, for example, fast convolution methods, overlap-add or overlap-save [5]. They are based on the use of FFTs and the filtering is basically implemented as a windowing in the frequency domain. 
If the requirement of having linear phase is relaxed, many other possibilities can be considered for the filter design and implementation. But looking carefully at the filter requirements, one could say that the linear phase constraint could be dropped. The reason is the following: strictly linear phase is usually only required in the pass-band and in the transition band of the filter. But, because in NR application the transition band of the filters will not affect the shape of the spectrum, no linear phase is necessary here. In this case linear or nearly-linear phase would only be required in the passband of the filter. For this reason the following observation can be made:

Observation 4: No strictly linear phase filters are necessary to improve the spectral containment of the CP-OFDM signal.

One immediate alternative to the symmetric FIR filters would be minimal phase filters, which have much lower group delay. But to achieve very good spectral properties with much lowers complexity, infinite impulse response (IIR) filters should be employed. Many possibilities exist in the digital signal processing literature for the design and implementation of IIR filters which are stable, robust to coefficient quantization and have low quantization noise at their output [4]. One could think of wave digital filters, recursive lattice filters and parallel or serial sections of order two, just to name a few. IIR filters can also be designed to minimize the group delay. For those reasons the following proposal can be made:
Proposal 2: Different possibilities for filtering should be evaluated and compared, not only FIR filters but also IIR filters, to maximize the bandwidth occupation and determine the maximum number of subcarriers given a subcarrier spacing. Complexity and delay of the filters should be considered in the evaluation.
4. Conclusion
Windowing and filtering are currently the main proposals to improve the spectral containment of CP-OFDM signals. In this contribution an analysis of those methods against the agreements from RAN1 #86 was performed. The following observations and proposals are a result of the analysis:
Observation 1: The windowing operation in transmitter side requires an extension of the CP length, as a consequence the receiver needs to know if a shorter or a longer CP was transmitted, making windowing not transparent to the receiver.
Observation 2: If no CP extension is applied, windowing will incur in SNR losses due to inter-carrier interference. There is a trade-off between SNR-loss vs. spectral containment.
Observation 3: The filtering operation can be made transparent for the receiver side, if the shape of the original OFDM signal, including pass-band and transition band, is not modified by the employed filter. 
Observation 4: No strictly linear phase filters are necessary to improve the spectral containment of the CP-OFDM signal.
Proposal 1: If windowing without CP extension is employed, the trade-off between SNR loss vs spectral containment needs to be evaluated, given different channel delay spread.
Proposal 2: Different possibilities for filtering should be evaluated and compared, not only FIR filters but also IIR filters, to maximize the bandwidth occupation and determine the maximum number of subcarriers given a subcarrier spacing. Complexity and delay of the filters should be considered in the evaluation.
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