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1. Introduction
For emerging NR wireless system, the various use cases such as eMBB, mMTC, URLLC are considered [1]. The different KPIs associated with the use cases also need to be satisfied e.g. ultra-low latency, high reliability, high efficiency, and etc. In order to meet KPIs and support the different use cases, NR waveform is expected to provide more flexible spectrum utilization. To this end, it needs to be considered that the waveform designed for NR provides low out-of-band emission for the improved spectral containment, and relaxed synchronization requirement for the asynchronous cases. 
The document aims at presenting initial evaluation results of waveform study based on related agreements that were made in the last meeting [2]. 
Consideration on Time Localization
In this section, we discuss on time localization properties of waveforms before exhibiting the evaluation results which will be shown in the next section. As mentioned above, the NR waveform needs the enhanced spectral property in order to achieve more efficient spectrum utilization which is one of important factors for NR waveform. In addition, a well time-localized waveform is essential for NR to support low latency communication with very short TTIs. Especially, the time localization of waveform is tightly coupled with UL/DL switching in TDD system. If DL/UL switching occurs frequently, this issue becomes more important. 
1.1. Effective symbol length (w/ filtering or windowing) 
In this subsection, we investigate effective symbol length that is defined as the total length of one OFDM symbol after filtering or windowing. Total length of effective symbol can be calculated as 
.
Here,  means symbol duration excluding CP or ZP,  is CP length,  indicates filter length for filtering case,  - represents tapered region for windowing case. Figure 1 shows the conceptual symbol pulse shape of waveforms. 
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Figure 1: Conceptual symbol shape of waveforms in time domain
1.2. Impact on guard period in TDD system
With understanding of the effective symbol length, we investigate impact on guard period margin when DL to UL (UL to DL) switching occurs in TDD system. For simple explanation, we assume that guard period length  is equal to one symbol length in the case of DL to UL switching and no guard period exists for the case of UL to DL. Also, it is assumed that timing advanced is applied. We focus on the RF switching time margin at the UE side. 
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Figure 2: Examples of RF switching time margin in TDD
Figures 2a) and 2b) show RF switching time margin at the UE in case of DL to UL switching. We observe that Figure 2b) shows the reduced margin time due to a part of filter head compared to Figure 2a) where filtering is not considered. Similarly, for the case of UL to DL switching, it can be seen that the filter tail leads to the reduction of switching time. Therefore, it is necessary for waveform design to consider the time localization property as well as frequency localization under consideration of time and frequency duality. 

Observation 1: Especially for TDD, short length of effective symbol including windowing or filtering is beneficial to support fast UL/DL switching.

Evaluation results
In this section, we compare characteristics and performances of the various waveforms. The properties of different waveform are compared in terms of spectral property, BLER. In order to investigate the performance of waveform fundamentally, we focus on the case 1b (i.e., single numerology and narrow band allocation in uplink) based on related agreements that were determined in the last meeting [2].
1.3. Simulation Parameters
In this subsection, we provide the common simulation parameters which are used to verify the performance of considered waveforms [3][4], as shown in Table 1. 
Table 1. Simulation assumptions
	Waveforms
	OFDM, W-OFDM, UF-OFDM, FCP-OFDM

	Carrier frequency
	4 GHz

	System bandwidth
	10 MHz

	Transmission bandwidth
	4PRBs

	 FFT Size
	1024

	Subcarrier spacing
	15 kHz

	Antenna configuration 
	1T1R

	Channel coding
	Turbo coding

	MCS
	MCS1= 16QAM ½ , MCS2= 64QAM ¾, MCS3=256QAM ¾

	PA Clipping Threshold 
	6dB

	Channel Model 
	EPA, ETU, mobility 3km

	Channel estimation 
	Ideal

	Cyclic prefix
	LTE normal CP

	W-OFDM window
	Raised-cosine window – with roll-off factor β = 0.05

	UF-OFDM prototype filter
	Dolph-Chebyshev - Filter length 73 – Side lobe attenuation 80 dB

	FCP-OFDM prototype filter
	Dolph-Chebyshev - Filter length 19 – Side lobe attenuation 80 dB (Zero Prefix length 53)



1.4. Power Spectrum Density
The power spectral density (PSD) of the considered waveforms is compared with that of CP-OFDM as depicted in Figure. 3. For the case without clipping, UF-OFDM shows a considerable reduction in the OOB leakage compared to the others. However, when the clipping is adopted at 6dB, the similar OOB leakage reduction is observed for all the cases due to spectral regrowth. Note that the spectral property can be changed according to clipping threshold and the parameters related to filter and windowing. 
[image: ] Figure 3: Power spectrum density
1.5. BLER 
Figures 4 and 5 show the BLER performance for the different waveforms evaluated under the EPA channel model and ETU with user mobility of 3 km/h at 4 GHz. We assume the following three different MCS values:
· MCS 1: 		16QAM and code rate = 1/2
· MCS 2: 		64QAM and code rate = 3/4
· MCS 3: 		256QAM and code rate =3/4
We can observe that all the evaluated waveforms have similar performances for some MCS values under EPA channel model as shown in Figure 4. Meanwhile, as shown in Figure 5, the evaluated waveforms except CP-OFDM show degradation in case of MCS 2 and MCS 3 with high coding rate. Due to the long delay spread compared to EPA and length of the applied window and filter, some inter-symbol interference is introduced, which leads to such performance degradation. It is also noted that channel and filter information corresponding to current symbol is only considered for the perfect channel estimation. Hence, if the advanced receiver algorithm is applied with channel estimation including inter symbol interference impact, the performance may be enhanced. Also, the performance can be improved by optimizing filter frequency response or windowing roll-off factor. 
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Figure 4: EPA – 3km/h
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Figure 5: ETU – 3km/h
Observation 2: For the case of channel environment with large delay spread (e.g., ETU), there is some performance degradation at high coding rate at the expense of improved spectral containment.
2. Summary
In this contribution, we provided and discussed the evaluation results of candidate waveforms for supporting NR. The observations based on the discussion are given as follows:
Observation 1: Especially for TDD, short length of effective symbol including windowing or filtering is beneficial to support fast UL/DL switching.
Observation 2: For the case of channel environment with large delay spread (e.g., ETU), there is some performance degradation at high coding rate at the expense of improved spectral containment.
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