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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. In this contribution, we provide some evaluation results for the case 2 and case 4. At RAN1#85 [4], it was agreed that the OFDM-based waveforms should be used as performance reference as follows:

Agreements:
· The following OFDM-based waveforms should be used as RAN1 NR waveform performance reference:
· OFDM with CP
· DFT-s-OFDM with CP

· All waveform in RAN1 #84bis/#85 meeting can be evaluated based on agreed assumptions
· Note: Each company should provide details on the DFT-spreading, guard interval, Tx/Rx filtering and/or windowing applied to OFDM waveform for evaluation

In the email discussion, power amplifier (PA) model for the waveform evaluations was also agreed as follows:
· [DL part] 

· For below 6 GHz DL, consider as a starting point the below Rapp model parametrization assuming 46 dBm total output power and 57.6 dBm saturation power (this model considers DPD and CFR).
Table 1. Modified Rapp Model Parameters for below 6GHz DL PA
	Parameter for Rapp model < 6GHz DL
	

	Target output power [dBm]
	46

	Saturation output power [dBm]
	57.6

	Smoothness factor p
	3

	Smoothness factor q
	5

	Fitting parameter A
	-0.14

	Fitting parameter B
	1.2


· [UL part] For below 6 GHz UL, the following parameters for the polynomial model were agreed.
· PA output y(t) to be computed from input x(t) using the formula
y(t) = p0 + p1∙x(t) + p2∙x(t)2 + p3∙x(t)3 + …

· The coefficients are organized as follows: [p9  p8  p7  …  p0] and the

· pam = [7.9726e-12  1.2771e-9  8.2526e-8  2.6615e-6  3.9727e-5  2.7715e-5  -7.1100e-3  
          -7.9183e-2  8.2921e-1  27.3535];

· ppm = [9.8591e-11  1.3544e-8  7.2970e-7  1.8757e-5  1.9730e-4  -7.5352e-4  -3.6477e-2  
           -2.7752e-1  -1.6672e-2  79.1553]

2. Evaluation Assumptions
2.1 PA model

For the case 2, we used the agreed PA model as shown in Table. 1. The AM-AM and AM-PM characteristics of the PA model are as follows.
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Figure 1. PA model for the downlink evaluation cases 2
For the case 4, we used the agreed PA model for below 6GHz UL. The AM-AM and AM-PM characteristics of the PA model are as follows.
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Figure 2. PA model for the uplink evaluation cases 4
2.1.1 Filter and window type in the evaluation case 2 (DL Mixed Numerology)
We evaluate 3 kinds of waveforms for the evaluation case 2 as shown in Table 2. Figure 3 shows the time/frequency responses of the filters used at Tx side. We used the same Rx filter for the desired UE, i.e., 100tap FIR EquiRipple filter. Figure 4 shows the time/frequency response of the filters used at Rx side of desired UE. For the interfering UE, Rx filter was not used.
Table 2. Waveforms for evaluation case 2
	
	Tx Filter and/or Window
	Filter/Window length
	Rx filter

	Desired UE
	1. Filter only
	512 tap FIR EquiRipple filter
	100 tap FIR 

EquiRipple filter

	
	2. Filter + Window
	128 tap FIR EquiRipple filter 
+ 52 length Raised Cosine (RC) window
	

	
	3. Window only
	52 length window
	

	
	1. Filter only
	512 tap FIR EquiRipple filter

(same with desired UE)
	

	Interfering UE
	2. Filter + Window
	128 tap FIR EquiRipple filter 
(same with desired UE)
+ 26 length Raised Cosine (RC) window
	Not Necessary

	
	3. Window only
	26 length window
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Figure 3. Time/Freq. responses of filters used at Tx side for the evaluation case 2.
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Figure 4. Time/Freq. responses of filters used at Rx side for the evaluation case 2.
2.1.2 Filter and window type in the evaluation case 4 (UL Mixed Numerology)
We evaluate 3 kinds of waveforms for the evaluation case 4 as shown in Table 3. For the method of multi-window OFDM, see our companion contribution [5]. Figure 5 shows the time/frequency responses of the filter used at Tx/Rx side.
Table 3. Waveforms for the evaluation case 4
	
	Tx Filter 
and/or Window
	Filter/Window length
	Rx filter

	Desired UE
	1. Filter only
	512 tap FIR EquiRipple filter
	512 tap FIR

EquiRipple filter

(same as Tx filter)

	
	2. Multi Window
	Edge 6 tones (for each edge): 128 length RC window 
Inner 36 tones: 52 length RC window
	

	
	3. Single Window
	52 length window
	

	
	1. Filter only
	512 tap FIR EquiRipple filter

(same with desired UE)
	

	Interfering UE
	2. Multi Window
	Edge 9 tones (one-side): 128 length RC window 
Inner 15 tones: 26 length RC window
	Not Necessary

	
	3. Window only
	26 length window
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Figure 5. Time/Freq. response of filters used at Tx/Rx side for the evaluation case 4.
3. Evaluation Results
2.2 Evaluation case 2: Downlink Mixed numerology

For the case 2 evaluation, we used the parameters in Table 4. 
Table 4. Parameters for evaluation case 2
	Assumptions 
	Value 

	Carrier frequency
	4GHz 

	Duplex 
	FDD/TDD

	System Bandwidth 
	10 MHz 

	TTI length 
	1 ms

	Subcarrier spacing 
	Desird:15KHz, Interferer: 30kHz

	Guard time interval
	6.7% overheads

	FFT size 
	1024 for 15KHz

	Data transmission bandwidth 
	720 kHz per UE

	Bandwidth of guard tones between neighboring UEs
	60kHz

	Antenna  configuration
	1T1R   

	MCS 
	64QAM: 1/2 (TBS: 2016bits)

	Control Overhead 
	Zero

	Channel estimation 
	Ideal

	Channel Model
	TDL-C for DS 300ns, Mobility: 3km/h 

	PA output power
	46 dBm

	Output Power Back-off (OBO) from PA saturation power
	11.6 dB


2.2.1 Power spectral density (PSD) and Adjacent Channel Leakage Ratio (ACLR)
Figure 6 shows PSD performance of filtered-OFDM, filter + window OFDM, windowed-OFDM. For the ACLR performance, filtered-OFDM, filter + window OFDM, windowed-OFDM have 51.7dB, 36.7dB, 33.5 dB ACLR performance, respectively. Note that, since the guard band between sub-band is given by 60 kHz, all waveforms have the same bandwidth 720 kHz + 60 kHz which will be used to calculate the spectrum efficiency later.
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Figure 6. PSD results for evaluation case 2
Observation 1: For the evaluation case 2, filtered-OFDM, filter + window OFDM, and windowed-OFDM have 51.7dB, 36.7dB, 33.5 dB ACLR performance, respectively.
2.2.2 Block Error Rate (BLER)
Figure 7 shows the BLER performance of the waveforms. As shown in the figure, filtered-OFDM, filter + window OFDM, and windowed-OFDM have almost same BLER performance at the low SNR region, while filter + window OFDM and windowed-OFDM have about 1dB SNR gain compared to the filtered-OFDM at the high SNR region.
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Figure 7. BLER performance for evaluation case 2
Observation 2: For the evaluation case 2, filter + window OFDM and windowed-OFDM have about 1dB SNR gain compared to the filtered-OFDM at the high SNR region.
2.2.3 Spectrum Efficiency (SE)

In this waveform evaluation, spectrum efficiency is defined as follows:
Spectrum Efficiency:= TBS*(1-BLER)/(T*BW)
For the evaluation case 2, TBS=2016bits, T=0.001sec. The bandwidth is given by 780kHz and BLER are given by figure 7. In the whole SNR region from 10 to 28 dB, the performance differences between waveforms are less than 0.1bps/Hz. 
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Figure 8. Spectrum Efficiency for evaluation case 2
Observation 3: For the evaluation case 2, filtered-OFDM, filter + window OFDM, and windowed-OFDM have almost the same spectrum efficiency performance. The performance differences between waveforms are less than 0.1bps/Hz.
2.3 Evaluation case 4: Uplink Mixed numerology

For the case 4 evaluation, we used the parameters in Table 5. 
Table 5. Parameters for the evaluation case 4
	Assumptions 
	Value 

	Carrier frequency
	4GHz 

	Duplex 
	FDD/TDD

	System Bandwidth 
	10 MHz 

	TTI length 
	1 ms

	Subcarrier spacing 
	Desired UE:15KHz, Interfering UEs:30kHz

	Guard time interval
	6.7% overheads

	FFT size 
	1024 for 15KHz

	Data transmission bandwidth 
	720 kHz per UE

	Bandwidth of guard tones between neighboring UEs
	60kHz

	Antenna  configuration
	1T1R   

	MCS 
	64QAM: 1/2 (TBS: 2016 bits)

	Control Overhead 
	Zero

	Channel estimation 
	Ideal

	Channel Model
	TDL-C for DS 300ns, Mobility: 3km/h 

	PA output power
	22 dBm


2.3.1 Power spectral density (PSD) and Adjacent Channel Leakage Ratio (ACLR)
Figure 9 shows PSD performance of filtered-OFDM, multi-window OFDM, single-window OFDM. For the ACLR performance, filtered-OFDM, multi-window OFDM and single-window OFDM have 33.2dB, 31.9dB, 30.6 dB, respectively. Note that, since the guard band between sub-band is given by 60 kHz, all waveforms have the same bandwidth 720 kHz + 60 kHz which will be used to calculate the spectrum efficiency later.
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Figure 9. PSD results for evaluation case 4.

Observation 4: For the evaluation case 4, filtered-OFDM, multi-window OFDM, and single-window OFDM have 33.2dB, 31.9dB, 30.6 dB ACLR performances, respectively.
2.3.2 Block Error Rate (BLER)

Figure 10 shows the BLER performance of the waveforms. As shown in the figure, all waveforms suffer BLER performance degradation due to high inter-user interference. It is verified that the evaluated waveforms can be used to reduce inter-user interference compared to the CP-OFDM without shaping. In addition, it is also verified that the multi-window OFDM can greatly enhance the BLER performance by adopting long length window to the sub-band edge subcarriers.

[image: image19.png]CP-OFDM without shaping (average of NRWaveformCalibration_v4o)|
Windowed CP-OFDM with 52 length RC window

Multi-window CP-OFDM with edge 6tones window length=128,
inner 32tones window length=52

Filtered CP-OFDM with 512 tap FIR EquiRipple filter

10 12 14 16 18 20 22 24
SNR (dB)

26

28

30




Figure 10. BLER performance for evaluation case 4
Observation 5: For the evaluation case 4, all waveforms have limited BLER performance due to the high inter-user interference.
Observation 6: For the evaluation case 4, multi-window OFDM can greatly enhance the BLER performance compared to the single-window OFDM.
2.3.3 Spectral Efficiency (SE)

In this waveform evaluation, spectrum efficiency is defined as follows:

Spectrum Efficiency:= TBS*(1-BLER)/(T*BW)
For the evaluation case 4, TBS=2016bits, T=0.001sec. The bandwidth is given by 780kHz and BLER are given by figure 10. As shown in figure 11, filtered-OFDM and multi-window OFDM have similar spectrum efficiency which is significantly better than single-window OFDM. The gap of spectral efficiency between filtered-OFDM and multi-window OFDM is less than 0.1bps/Hz. 
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Figure 11. Spectrum Efficiency for the evaluation case 4
Observation 7: For the evaluation case 4, filtered-OFDM and multi-window OFDM have similar spectrum efficiency which is significantly better than single-window OFDM. The gap of spectral efficiency between filtered-OFDM and multi-window OFDM is less than 0.1bps/Hz.
2.3.4 UE Complexity

Filtered-OFDM: Real Multiplications (44344) + Real Additions (146091) = 190435

Multi-window OFDM: Real Multiplications (15064) + Real Additions (55664) = 70728

Single-window OFDM: Real Multiplications (7380) + Real Additions (27756) = 35136
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Observation 8: For the evaluation case 4, filtered-OFDM requires 2.7times more computational complexity compared to multi-window OFDM. Taking into consideration of complexity impact on UE side, multi-window OFDM can be a good candidate.
4. Conclusions

Observation 1: For the evaluation case 2, filtered-OFDM, filter + window OFDM, and windowed-OFDM have 51.7dB, 36.7dB, 33.5 dB ACLR performance, respectively.
Observation 2: For the evaluation case 2, filter + window OFDM and windowed-OFDM have about 1dB SNR gain compared to the filtered-OFDM at the high SNR region.
Observation 3: For the evaluation case 2, filtered-OFDM, filter + window OFDM, and windowed-OFDM have almost the same spectrum efficiency performance. The performance differences between waveforms are less than 0.1bps/Hz.
Observation 4: For the evaluation case 4, filtered-OFDM, multi-window OFDM, and single-window-OFDM have 33.2dB, 31.9dB, 30.6 dB ACLR performances, respectively.
Observation 5: For the evaluation case 4, all waveforms have limited BLER performance due to the high inter-user interference.

Observation 6: For the evaluation case 4, multi-window OFDM can greatly enhance the BLER performance compared to the single-window OFDM.
Observation 7: For the evaluation case 4, filtered-OFDM and multi-window OFDM have similar spectrum efficiency which is significantly better than single-window OFDM. The gap of spectral efficiency between filtered-OFDM and multi-window OFDM is less than 0.1bps/Hz.
Observation 8: For the evaluation case 4, filtered-OFDM requires 2.7times more computational complexity compared to multi-window OFDM. Taking into consideration of complexity impact on UE side, multi-window OFDM can be a good candidate for the uplink waveform.
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