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1. Introduction

In 3GPP RAN1 #84bis, it was agreed that OFDM based waveform will be used for NR [1]. Companies are encouraged to provide evaluation details about different waveform candidates. In this contribution, we focus on filtered OFDM (f-OFDM) and windowed OFDM (w-OFDM), and present the preliminary evaluation results.
2. f-OFDM and w-OFDM
According to the statements from RAN1#85, NR should support multiple numerologies. As an enabler of mixed numerologies, f-OFDM and w-OFDM were proposed for better OOB (out of band) emission and relaxed synchronism [2-3]. In principle, f-OFDM applies a filter with a subband of CP-OFDM system to reduce the OOB leakage. While w-OFDM is synthesized by a conventional CP-OFDM waveform followed by weighting and overlap-and-add operation, as illustrated in Figure 1. 
 [image: image1.png]CPlength (144) FFT size (2048)

1 1
f-OFDM CcP
CP length (144) FFT size (2048)
I\ I\

f ;
W-OFDM f P w\





Fig 1 Illustration of f-OFDM and w-OFDM
In this contribution, the windowed sinc function based filter design is selected for f-OFDM [2]. The higher the filter order, the better the spectrum localization performance but the higher the complexity. Hanning window (i.e., raised cosine window) is chosen for weighting function of w-OFDM. For w-OFDM, the longer window promises better OOB emission performance, but that leads to stronger inter-symbol interference (ISI) in multi-path fading channel. Note that the order of filter could be much larger than the point of the window as the induced ISI by filtering can be negligible.
3. Preliminary simulation results
In this section, we compare the OOB emission performance of f-OFDM and w-OFDM. Then inter-band interference analysis and the BLER curves of the two waveforms with power amplifier (PA) are given. Simulation assumptions and PA models (DL/UL) can be found in the appendix.
3.1 Characteristics on PSD

Here, the power spectrum density (PSD) of f-OFDM and w-OFDM is studied. In [4], some evaluation results have been presented, in which the filter order is set to be 256/512 while the window point is 36/96 (double sides). To understand the PSD more comprehensively, both the filter order and the window point are set to be 64 in this work. Figure 2 presents the PSD performance of 50RB transmission bandwidth. DL Rapp model is used assuming 43dBm and 46dBm total output power [5]. It shows that the OOB emission performance depends on output power much. The PSD with 46dBm output power performs worse much than the performance of 43dBm output power. An appropriate operating point of PA needs to be selected to guarantee the system performance.
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	       (a) DL 50RB [Pout=43dBm]
	       (b) DL 50RB [Pout=46dBm]


Fig 2 DL PSD performance for f-OFDM, w-OFDM and CP-OFDM
Figure 3 focuses on the UL PSD performance, in which polynomial PA model is used with 22dBm total output power [6]. It shows that the transmission bandwidth has great impacts on the PSD when the output power is fixed. The larger the bandwidth, the worse the OOB performance. Also, we see that f-OFDM outperforms w-OFDM very slightly when the transmission bandwidth is 16RB. When the transmission bandwidth is narrower (4RB), f-OFDM has nearly the same performance as w-OFDM.
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Fig 3 UL PSD performance  for f-OFDM, w-OFDM and CP-OFDM
Two observations we can make from above evaluations: 
Observation 1: When the filter order is set same as the point of the window (64), f-OFDM has nearly the same OOB emission performance as w-OFDM when passing through PA, especially for small transmission bandwidth.
Observation 2: Output power and transmission bandwidth have significant impacts on the PSD with PA.
3.2 The BLER performance of CP-OFDM
Inter-band interference is the key factor for numerologies multiplexing. To understand the inter-band interference caused by asynchronism and mixed numerology, we present the BLER curves of the target UE with two neighbouring interference bands. Note that no filter or window is used, and the power offset for the interference band is set to be {0dB, 10dB}. The guard tone is set to be 60kHz. Polynomial PA model is used assuming 22dBm output power.
 Figure 4(a) and 5(a) present the BLER curves with different time offsets under 0dB and 10dB power offset, respectively. They show that the larger the time offset, the stronger the inter-band interference. When the time offset is larger than 1/20 of one symbol duration, it is out of synchronization totally. In Figure 4(b) and 5(b), both asynchronism and mixed numerology are considered. They show that the BLER performance on asynchronism is very close to that on mixed numerology. That is, asynchronism and mixed numerology may make similar level of the inter-band interference. Note that when the two factors are considered at the same time, the interference becomes stronger, especially for large power offset.
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Fig 4 Interference illustration by BLER performance (power offset: 0dB)
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Fig 5 Interference illustration by BLER performance (power offset: 10dB)
Observation 3: Mixed numerology and asynchronism make similar level of the inter-band interference. When they are considered at the same time, the inter-band interference becomes stronger.

Proposal 1: Guard tone needs to be evaluated for the case that asynchronism and mixed numerology are considered at the same time.
3.3 The BLER performance of f-OFDM and w-OFDM
We focus on the case of mixed numerology, i.e., case 4 [7], in this work. We apply f-OFDM or w-OFDM to interfering UEs and target UE, and check how target UE’s BLER varies with different SNR. The inter-band guard tone is fixed to be 60kHz. CP-OFDM without interference is used as reference. Polynomial PA model is used for all cases with 22dBm output power.
Figure 6 presents the BLER curves of 64-order f-OFDM, 512-order f-OFDM and 64-point (double side) w-OFDM under 0dB power offset. It can be seen that 64-order f-OFDM achieves nearly the same performance as 64-point w-OFDM for both medial and large delay spread. That is, 64-point window could fully avoid the ISI, which complies with the theory analysis. 512-order f-OFDM has the best performance due to its steep drop in transition band and larger side lobe attenuation, especially for higher MCS (64QAM, CR=3/4). Note that the w-OFDM has not the capability of extending the window point to be 256/512. In Figure 7, the BLER curves under a large power offset (10dB) are given. It is found that a larger guard tone (e.g., 10~12 subcarriers) is needed as the performance degrades seriously. And.f-OFDM performs better than w-OFDM slightly in this case. 
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Fig 6 Preliminary BLER performance for f-OFDM and w-OFDM  (power offset: 0dB)
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Fig 7 Preliminary BLER performance for f-OFDM and w-OFDM (power offset: 10dB)

Observation 4: For UL mixed numerology case, 64-order f-OFDM has nearly the same BLER performance as 64-point w-OFDM for small power offset. f-OFDM outperforms w-OFDM slightly for large power offset.
Observation 5: Power offset has a significant impact on the level of inter-band interference.
Proposal 2: Different guard tone may be needed depending on the level of power offset and other factors.
Proposal 3: Filter/window type and parameters should be optimized and aligned for further system evaluation.
4. Conclusions
In this contribution, we have presented PSD, and BLER performance on f-OFDM and w-OFDM. The following observations and proposals are proposed:

Observation 1: When the filter order is set same as the point of the window (64), f-OFDM has nearly the same OOB emission performance as w-OFDM when passing through PA, especially for small transmission bandwidth.

Observation 2: Output power and transmission bandwidth have significant impacts on the PSD with PA.
Observation 3: Mixed numerology and asynchronism make similar level of the inter-band interference. When they are considered at the same time, the inter-band interference becomes stronger.
Observation 4: For UL mixed numerology caes, 64-order f-OFDM has nearly the same BLER performance as 64-point w-OFDM for small power offset. f-OFDM outperforms w-OFDM slightly for large power offset.
Observation 5: Power offset has a significant impact on the level of inter-band interference.
Proposal 1: Guard tone needs to be evaluated for the case that asynchronism and mixed numerology are considered at the same time.
Proposal 2: Different guard tone may be needed depending on the level of power offset and other factors.

Proposal 3: Filter/window type and parameters should be optimized and aligned for further system evaluation.
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Appendix 
A Simulations assumptions
Table 1 Parameter settings for link level evaluation
	Parameters
	Settings

	Carrier frequency
	4GHz

	System bandwidth
	10MHz

	UE Types
	Two interfering UEs, one target UE

	UE bandwidth/subcarrier spacing
	4RB{720kHz/15kHz, 1440kHz/30kHz}

	Transmission mode
	1T1R

	Channel model
	TDL-C [300ns,1000ns]

	MCS
	64QAM: 1/2

	Channel estimation
	Ideal


B Power amplifier (PA) model
For below 6 GHz Downlink, Rapp model is used assuming 46 dBm total target output power and 55.6 dBm saturation power [5].  Detailed parameters are given in Table 2. AM/AM and AM/PM mapping curves are presented in Figure 8.
Table 2 Parameter settings for link level evaluation
	Parameter for Rapp model < 6GHz DL
	

	Target output power [dBm]
	46

	Saturation output power [dBm]
	55.6

	Smoothness factor p
	3

	Smoothness factor q
	5

	Fitting parameter A
	-0.14

	Fitting parameter B
	1.2
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Fig 8 AM/AM and AM/PM curves for Rapp model 

For below 6GHz UL, the polynomial model is given in R1-166004 (RAN4 LS), illustrated as Figure 9. 
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Fig 9 AM/AM and AM/PM curves for the Polynomial PA model.[image: image18.png]
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