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1. Introduction

At RAN #71 [1], a new study item named New Radio (NR) Access Technology was approved to develop an NR access technology to meet a broad range of use cases including enhanced mobile broadband (eMBB), massive MTC (mMTC), Ultra-Reliable and Low Latency Communications (URLLC), and additional requirements defined during the RAN requirements study [2]. 
At RAN1#84b [3], waveform evaluation methods/cases/metrics/parameters were agreed as follows.
Agreements:
1 Evaluation Methods:

· Link level simulation is used for waveform evaluation. 
- Whether and how to do system level simulation for waveform is FFS.
· Consider the RF nonlinearity in the evaluation cases.

· RAN1 can consider the following models for PA modeling, i.e. Rapp model [1] (AM/AM, AM/PM) and/or Clipping model with different thresholds

· Companies should provide the model parameters (operating point, back-off value etc.) and justification (e.g., EVM, OOBE/PSD)
2 Evaluation Cases:
· Four evaluation cases can be used in link level simulation, which are 
· Case 1a, 1b: single numerology case
. 1a:  Downlink 
. 1b: Uplink, only one UE with narrow bandwidth is located at the edge of wide frequency band. 
It is assumed that no wide-band filter upon the whole frequency band. 
· Case 2: DL mixed numerology case 
· Case 3: UL single numerology case (asynchronous transmission)
· Case 4: UL mixed numerology case (synchronous transmission)
3 Evaluation Metrics:
· User spectrum efficiency as performance metric
· Take into account guard band and time domain overhead. The values and their calculation method of guard band and time domain overhead should be reported.
· BLER vs SNR should be reported for calibration
· OOBE level is reported (Similar to ACLR but applied to adjacent sub-band/UE instead of carrier)
· EVM (FFS: clear definition)
· PAPR/Cubic metric
· UE Complexity (FFS: how to quantify) 
· The following is also reported
· Receiver waveform design
· Rx processing delay (FFS:  definition)
· Power spectral density
4 Evaluation Parameters: 
Table 1. Parameters for case 1a/1b and case 2

	Assumptions 
	Value 

	Carrier frequency
	4GHz 

	Duplex 
	FDD/TDD

	System Bandwidth 
	10 MHz 

	TTI length 
	1 ms as baseline, other TTI length is FFS (e.g.  short TTI )

	Subcarrier spacing 
	Single numerology case: 15KHz as baseline, 

Mixed numerology case: one is 15KHz, and the other subcarrier spacing should be selected by companies from the agreed numerologies. 

	Guard time interval
	4.7us (interval of LTE normal CP) as baseline, other interval is FFS 

	FFT size 
	e.g. 1024 for 15KHz subcarrier spacing

	Data transmission bandwidth 
	Single numerology case: 4 and/or 1 PRBs for the bandwidth of target UE in case 1b

Mixed numerology case: 

· At least two candidate BWs for target UE.
· At least two candidate BWs for interfering subband
· At least two numerologies.
The values are FFS

	Guard tone number
	[0~12] subcarriers for the mixed numerology case

	Antenna  config.
	1T1R or 2T2R or 4T4R, other is not precluded

	Rank per UE
	Fixed rank

	MCS 
	Fixed. 16QAM: 1/2 or 2/3; 64QAM: 1/2 or 3/4; 256 QAM: 1/2 or 3/4

	Control Overhead 
	Zero

	Channel estimation *
	Ideal


· MIMO mode 
· Companies should bring results for SISO at RAN1#85. 
· If companies bring results for MIMO, it is recommended to use at least one constant modulus precoding scheme in cases 1a, 1b and 2. Other precoding scheme is not precluded. Companies need to provide their CSI and precoding assumptions for MIMO evaluations. MIMO correlation matrices should be low correlation (i.e. uncorrelated) for RAN1#85 in case of MIMO simulations.
· Channel Model

· All values of DS {10, 30, 100, 300, 1000} ns are evaluated with the selected TDL-DS combinations, i.e. TDL-A for DS {10,30}ns, TDL-B for DS {100 }ns, TDL-C for DS {300,1000}ns. Companies are allowed to choose additional combination(s) of other DS values and TDL–A and/or TDL-C in TR38.900.
· ETU/EPA/EVA are optional.
· Mobility: 3km/h or 30 km/h or 120 km/h, higher speed is not precluded.
· For RAN1#85: TDLs in TR38.900 or ETU/EPA/EVA can be used. Power-delay profiles of 
TDL-{A,B,C} are scenario agnostic. 
 In this contribution, we provide preliminary evaluation results for the case 1a/1b of OFDMA-based waveforms with parameters in Table 1.
2. Evaluation Assumptions
2.1  PA model
Modified Rapp model is used to evaluate waveforms. For the below 6GHz band, we assumed the following parameters for the downlink evaluation cases 1a. 
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Figure 1. PA model for the downlink evaluation cases 1a
For the uplink evaluation case 1b, we assumed the following parameters for the PA.
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Figure 2. PA model for the uplink evaluation case 1b
2.2  EVM evaluation
2.2.1 EVM Reference point for evaluation
As shown in Fig.3, the EVM is evaluated at the point after the FFT and a zero-forcing (ZF) equalizer in the receiver. To reflect PA effect properly, we generate 4x oversampled Tx signal with 2-stage up-sampler and LPF before the PA.
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Figure 3. Reference point for EVM evaluation
2.2.2 EVM window

The EVM window length affects the EVM performance. We use the same methodology as that of LTE [4] for the EVM measurement as shown in Fig.4. To obtain average EVM performance, EVM of 140 consecutive OFDM symbols (20 slots/10 subframes in LTE numerology) are evaluated. 
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Figure 4. EVM window for f-OFDM and w-OFDM
In Fig.4, EVMl is a lower positioned EVM and EVMh is a higher positioned EVM. The EVMl and EVMh are averaged over 140 consecutive OFDM symbols which lead to 
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2.3  Relative cubic metric

The raw cubic matric of a signal v(t) can be calculated by
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Considering a typical PA with a reference signal vref(t), the power de-rating value can be calculated by 
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where K is the empirical slope factor, and X is a parameter related to signal bandwidth.
In [5], W-CDMA signal is used as reference to calculate the power de-rating value. Since there is big difference in terms of signal BW compared to W-CDMA, we need to determine the value X. However, at least it is reasonable to calculate the power de-rating difference between two signals v1(t) and v2(t), by 
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where 1.56 is the value used for LTE [5]. We set v2(t) as a reference signal with 0dB raw cubic, and calculate the cubic metric increase compared to it.

3. Evaluation Results
2.4 Evaluation case 1a: Downlink single numerology
For the case 1a evaluation, we use the parameters in Table 2. In this case, we evaluate filtered-OFDM and windowed-OFDM.
Table 2. Parameters for case 1a
	Assumptions 
	Value 

	Carrier frequency
	4GHz 

	System Bandwidth 
	10 MHz 

	Subcarrier spacing 
	15KHz 

	Guard time interval
	4.7us (interval of LTE normal CP) 

	FFT size 
	1024 

	Data transmission bandwidth 
	50 PRBs

	Modulation order 
	64QAM

	Control Overhead 
	Zero

	Channel estimation
	Ideal


. 
2.4.1 Filter type for filtered-OFDM in case1a evaluation
As shown in Fig. 3, 3 types of Tx filters are adopted for the evaluations. For the case 1a evaluation, we use 72 taps, 17 taps and 10 taps filter for the TxFIR, TxLPF1, and TxLPF2 at Tx side. Note that the TxFIR length is the same as the CP length. The time/frequency responses of the filters are depicted in Fig 5. For the Rx filter type, we use the same filter for the RxLPF1 and RxLPF2 filters as those of Tx side. We omit RxFIR filter in this evaluation because there is no interfering carrier.
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Figure 5. Time/Freq. response of filters used in Tx side for filtered-OFDM
2.4.2 Window type for windowed-OFDM
For the windowed-OFDM waveform, we adopt raised cosine window for the evaluations as shown in Fig. 6. We use 17 taps and 10 taps filter for the TxLPF1, and TxLPF2 at Tx side. But, the TxFIR filter is not used in the windowed-OFDM evaluations. For the Rx filter type, we use the same filter for the RxLPF1 and RxLPF2 filters as those of Tx side. We omit RxFIR filter in this evaluation because there is no interfering carrier in the evaluation assumption.
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Figure 6. Raised cosine window
2.4.3 EVM results

The EVM is evaluated according to the procedure as shown in Fig. 3. Since the EVM requirements of 4/16/64/256-QAM are given by 17.5/12.5/8.0/3.5% in [4], the required OBO (output back-off) to support up to 256QAM modulation is around 9dB for the PA model. As shown in Fig. 7, w-OFDM and f-OFDM have similar EVM performance in the range of QPSK ~ 256QAM EVM requirements. 
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Figure 7. EVM results for evaluation case 1a
Observation 1: For the given PA model, filtered-OFDM and windowed-OFDM have similar EVM performance under evaluation case 1a. Both schemes require about 9dB output back-off to support up to 256QAM modulation scheme for the given PA model.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
2.4.4 Power spectral density (PSD) and adjacent channel leakage ratio (ACLR)
Figure 8 shows PSD and ACLR performance of filtered-OFDM. As shown in the figure, the guard band between target ACLR region and desired signal band can be reduced to about 2RB (360kHz) with negligible loss of ACLR performance compared to1MHz guard band which is a guard band of  LTE 10MHz signal.
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Figure 8. PSD and ACLR results for f-OFDM
Figure 9 shows PSD and ACLR performance of windowed-OFDM. As shown in the figure, windowed-OFDM also has similar performance with that of filtered-OFDM up to 9dB back-off region which is enough to support 256QAM modulation scheme as shown in EVM results. 
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Figure 9. PSD and ACLR results for w-OFDM
Observation 2: For the given PA model, filtered-OFDM and windowed-OFDM have similar ACLR performance up to output back-off 9dB which is enough to support 256QAM modulation in the EVM aspect under evaluation case 1a.    
2.4.5 PAPR and relative cubic metric

The PAPR and cubic metric are measured according to the procedure as shown in Fig. 3. Figure 10 shows PAPR and cubic metric performance of filtered-OFDM and windowed-OFDM. Both scheme have the same PAPR and cubic metric performance.
	Waveform
	f-OFDM
	w-OFDM

	PAPR @ 10-3 CCDF
	11.58 dB
	11.58 dB

	Relative Cubic Metric
	4.98 dB
	4.98 dB
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Figure 10. CCDF of PAPR 
Observation 3: Filtered-OFDM and windowed-OFDM have the same PAPR and cubic metric under evaluation case 1a.
2.5 Evaluation case 1b: Uplink single numerology

For the case 1b evaluation, we use the parameters in Table 3. In this case, we evaluate filtered-OFDM, windowed-OFDM, filtered SC-FDMA, and windowed SC-FDMA.
Table 3. Parameters for case 1b
	Assumptions 
	Value 

	Carrier frequency
	4GHz 

	System Bandwidth 
	10 MHz 

	Subcarrier spacing 
	15KHz 

	Guard time interval
	4.7us (interval of LTE normal CP) 

	FFT size 
	1024 

	Data transmission bandwidth 
	Edge 4 PRBs

	Modulation order 
	64QAM

	Control Overhead 
	Zero

	Channel estimation
	Ideal


2.5.1 Filter type for filtered-OFDM in case1b evaluation

As shown in the figure 3, 3 types of Tx filters are adopted for the evaluations. For the case 1b evaluation, we use 72 taps, 17 taps and 10 taps filter for the TxFIR, TxLPF1, and TxLPF2 at Tx side. The time/frequency responses of the filters are depicted in Fig 11. For the Rx filter type, we use the same filter for the RxLPF1 and RxLPF2 filters as those of Tx side. We omit RxFIR filter in this evaluation because there is no interfering carrier. It is worth noting that the length of dominant filter taps of TxFIR (the width of dominant filter response) is increased compared with that of evaluation case 1a. Since the transmission bandwidth is reduced from 50PRBs to 4PRBs, it is natural to have wider filter response in time domain. 
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Figure 11. Time/Freq. response of filters used in Tx side for filtered-OFDM
2.5.2 EVM results

The EVM is evaluated according to the procedure as shown in Fig. 3. From the figure, we can see that the required OBO (output back-off) to support up to 256QAM modulation is around 8dB for OFDM modulation and 6dB for SC-FDMA modulation. Thus, SC-FDMA with filtering or windowing method has about 2dB back-off gain compared with those of OFDM modulation. In addition, we can see that filtered-OFDM and windowed-OFDM have similar EVM performance up to 8dB back-off region which is enough to support 256QAM modulation scheme. 
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Figure 12. EVM results for evaluation case 1b
Observation 4: For the given PA model, windowed-OFDM and filtered-OFDM have similar EVM performance under evaluation case 1b. Both schemes require about 8dB output back-off to support up to 256QAM modulation scheme for the given PA model.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
Observation 5: SC-FDMA with filtering or windowing method has 2dB back-off gain compared with those of OFDM modulation in the EVM aspect.
2.5.3 Power spectral density (PSD) and adjacent channel leakage ratio (ACLR)

Figure 13 and 14 show PSD and ACLR performance of filtered-OFDM and windowed-OFDM. As shown in the figure, windowed-OFDM also has similar performance with that of filtered-OFDM up to 8dB back-off region which is enough to support 256QAM modulation scheme as shown in EVM results. 
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Figure 13. PSD and ACLR results for f-OFDM
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Figure 14. PSD and ACLR results for w-OFDM
Observation 6: For the given PA model, filtered-OFDM and windowed-OFDM have similar ACLR performance up to output back-off 8dB which is enough to support 256QAM modulation in the EVM aspect under evaluation case 1b.    

2.5.4 UE complexity

To calculate UE complexity at Tx side, we only consider IFFT block and filtering/windowing block. For the filtering operation, there are two well-known method. One is the time domain convolution and the other one is the frequency domain implementation named fast convolution method which is much faster than normal convolution operation. We consider fast convolution method for the filtered-OFDM in this evaluations. In addition, though M'=M+Lcp+Lf - 1 is not the number of power of two, we apply fast Fourier transform complexity in the evaluation for the filtered-OFDM. As shown in the figure, filtered-OFDM requires about 4 times more complexity compared to windowed-OFDM when the length of window is the same with filter taps.
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Figure 15. Computational complexity of f-OFDM and w-OFDM
Observation 7: Filtered-OFDM requires about 4times more computational complexity compared to windowed-OFDM when the filter length is the same with window length. Taking into consideration of complexity impact on UE, windowed-OFDM has more attractive in the case 1b.
4. Conclusions
Observation 1: For the given PA model, filtered-OFDM and windowed-OFDM have similar EVM performance under evaluation case 1a. Both schemes require about 9dB output back-off to support up to 256QAM modulation scheme for the given PA model.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
Observation 2: For the given PA model, filtered-OFDM and windowed-OFDM have similar ACLR performance up to output back-off 9dB which is enough to support 256QAM modulation in the EVM aspect under evaluation case 1a.    

Observation 3: Filtered-OFDM and windowed-OFDM have the same PAPR and cubic metric under evaluation case 1a.
Observation 4: For the given PA model, windowed-OFDM and filtered-OFDM have similar EVM performance under evaluation case 1b. Both schemes require about 8dB output back-off to support up to 256QAM modulation scheme for the given PA model.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
Observation 5: SC-FDMA with filtering or windowing method has 2dB back-off gain compared with those of OFDM modulation in the EVM aspect.
Observation 6: For the given PA model, filtered-OFDM and windowed-OFDM have similar ACLR performance up to output back-off 8dB which is enough to support 256QAM modulation in the EVM aspect under evaluation case 1b.    

Observation 7: Filtered-OFDM requires about 4times more computational complexity compared to windowed-OFDM when the filter length is the same with window length. Taking into consideration of complexity impact on UE, windowed-OFDM has more attractive in the case 1b.
Proposal 1: Filtered-OFDM and windowed-OFDM have similar performance both in ACLR and EVM aspects. Considering the implementation burden and specification work required to support this feature, we need more analysis.
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