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Discussion and Decision 
1
Introduction
In [1] we have discussed multi-service driven waveform requirements for below 6GHz and proposed to study the benefits of UE/service-specific numerology. In [2] a way forward in NR waveform evaluation has been suggested, including those aspects. Initial results were provided in [3],[4], waveform calibration results across different 3GPP partners were collected in [5].
In this contribution we compare the Case 1 and Case 2 BLER performance between waveform candidate technologies CP-OFDM, subband-filtered OFDM (UFMC (UF-OFDM) [6], f-OFDM [7]) and windowed CP-OFDM [8],[9], also denoted as WOLA. We use the settings described in [2]-[5] and have included the power amplifier models (PAs) in [10], [11] and [12] for realistically taking into account non-linearities of transmitter hardware.
Section 2 contains results without the PA model, section 3 with the PA model. In section 3 we also discuss the choice of phase compensation for the polynomial PA used for Case 1 b simulations.
2
Results without power amplifier model
2.1 Basic link level simulation settings
· Modulation and Coding scheme: 64QAM , Turbo coding: CR=1/2, 8 iterations

· Channel: TDL-C 300ns and TDL-C 1000 ns, 3 km/h

· Perfect channel estimation
· For all candidate subband filtered waveforms a matched filtering is assumed on the Rx side
· Baseline numerology: FFT size 1024, Δ𝐹=15𝑘𝐻𝑧, Time overhead: 72 samples, 14 symbols per TTI (only data symbols)

· Allocation width: 4 PRBs (12 subcarriers per PRB)

· In Case 2 different Guard bands (GBs) evaluated, GB provided as number of SCs from 0 to 4
Further details can be found in appendix A.

2.2 Waveform Parameters

WOLA:

· Half Overlap at transmitter and receiver
· see appendix B for more details
F-OFDM:
· L=512 sinc filter at transmitter and matched receiver
· Tx-side amplitude predistotion used
· Filter applied per allocation
· Filtered subframe truncated to 14*(1024+72)+64 samples (f-OFDM filter transients truncated with RC window)

· Three different filters specified for simulations

· Conf 1: For case 1a, 50 PRB passband, Tone offset (TO) = 10

· Conf 2: For case 1b, 4 PRB passband, Tone offset (TO) = 0

· Conf 3: For case 1b, 4 PRB passband, Tone offset (TO) = 4
UF-OFDM: 
· 15kHz : 
· Conf 1: Filter length N=37, stop band attenuation=37dB
· Conf 2: Filter length N=73, stop band attenuation=75dB 

· 30kHz (interfering signal): 
· Conf 1: Filter length N=19, stop band attenuation=20dB
· Conf 2: Filter length N=37, stop band attenuation=37dB
· Tx-side amplitude predistortion used
· Filter applied per 4PRB subband (15 kHz SC spacing) or 2PRB (30 kHz SC spacing)
2.3 Link level simulation results
Results without power amplifier for Case 1a are provided in Fig. 1
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Figure 1 – Case 1a, 64-QAM, R=1/2, left: DS=300ns right: DS=100ns
In Fig. 2, we show the spectral efficiency achieved in Case 1a in TDL-C 300ns channel with 64-QAM, R=1/2 and 256-QAM, R=4/5. The spectral efficiency is evaluated as TBS*(1-BLER)/(T*BW), where

· TBS = 25200 for 64-QAM, R=1/2 and 53760 for 256-QAM (number of data bits per subframe)

· T = 15415/15.36e6 (duration of one subframe)

· BW=10e6 Hz (channel bandwidth).

It should be noted that corresponding, full band allocation scenario is currently not defined for UL. As the spectral efficiency targets are very aggressive for NR, we should consider of adding a full band allocation case also for UL.
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Figure 2 – Case 1a, TDL-C 300ns channel with MCSs 64-QAM, R=1/2, and 256-QAM, R=4/5

Observation 1: No full band allocation evaluation case is defined for UL.

Conclusion 1: Special care on achieving the spectral efficiency targets set to NR is needed, especially in UL when including the polynomial PA model in the evaluations. 

Proposal 1: A 50 PRB UL scenario is required to evaluate the maximum spectral efficiency in UL.
Results without power amplifier for Case 1b are provided in Fig. 3
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Figure 3 – Case 1b, 64-QAM, R=1/2, left: DS=300ns right: DS=1000ns
Observation 2: All new waveform candidates show similar performance in TDL-C 300ns and 1000ns channels with 64-QAM and code rate R=1/2.
Observation 3: The required tone offset for f-OFDM depends on the allocation width and introduces an additional degree of freedom on the design, which introduces additional complexity. 
Results without power amplifier for Case 2 are provided in figures 4 to 7. More details on the interference alignment is given in Appendix C.
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Figure 4 – Case 2 DS=300ns, GB=0, 64-QAM, R=1/2 left: centered interferer, right: interferer follows the original 15-kHz grid
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Figure 5 – Case 2 DS=300ns, GB=1, 64-QAM, R=1/2 left: centered interferer, right: interferer follows the original 15-kHz grid
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Figure 6 – Case 2 DS=1000ns, GB=0, 64-QAM, R=1/2, left: centered interferer, right: interferer follows the original 15-kHz grid
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Figure 7 – Case 2 DS=1000ns, GB=1, 64-QAM, R=1/2, left: centered interferer, right: interferer follows the original 15-kHz grid
Observation 4: There is no difference in performance with 64-QAM and R=1/2 in Case 2, when comparing the centered interferer or if interferer follows the original 15 kHz grid if the GB is at least 1. If there is no GB, then centralized interferer provides better performance.
3
Results with power amplifier model 
3.1 Power amplifier modelling and parametrization
DL PA Model
For DL, input backoff (IBO) of 11.6 dB was used with the Rapp model.
[image: image1.emf]5 10 15 20 25 30

SNR [dB]

10

-2

10

-1

10

0

 

B

L

E

R

 

CP-OFDM

UFMC, Conf 1

UFMC, Conf 2

f-OFDM, Conf 1

WOLA

Rapp model [11] parameters:

	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


In Case 2, the total transmitted power of the BS is shared between the two transmitted signals, the desired one and the interfering one.

UL PA model

For UL, IBO of 9 dB was used with the polynomial model which gives average transmitted power of 21.5 dBm with CP-OFDM. The constant phase correction factor was obtained from the PM curve by assuming 1 dB compression point of 3.4 dBm. The correction factor is 75.59 degrees.
Polynomial model [10] parameters in dBm: 
p_am = [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];
p_pm = [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]
3.2 Waveform comparison including PA
Results with Rapp power amplifier for Case 1a are provided in Fig. 8.
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Figure 8 – Case 1a, 64-QAM, R=1/2, left: DS=300ns right: DS=1000ns
Observation 5: DL Rapp PA model has no effect on the high MCS performance.
Results with polynomial power amplifier for Case 1b are provided in Fig. 9.
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Figure 9 – Case 1b, 64-QAM, R=1/2, left: DS=300ns right: DS=1000ns
Observation 6: UL Polynomial PA has a minor effect on the performance with 64-QAM, R1/2. 
Results with Rapp power amplifier for Case 2 are provided in figures 10 to 13. More details on the interference alignment is given in Appendix C.
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Figure 10 – Case 2 DS=300ns, GB=0, 64-QAM, R=1/2, left: centered interferer, right: interferer follows the original 15-kHz grid
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Figure 11 – Case 2 DS=300ns, GB=1, 64-QAM, R=1/2, left: centered interferer, right: interferer follows the original 15-kHz grid
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Figure 12 – Case 2 DS=1000ns, GB=0, 64-QAM, R=1/2, left: centered interferer, right: interferer follows the original 15-kHz grid
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Figure 13 – Case 2 DS=1000ns, GB=1, 64-QAM, R=1/2, left: centered interferer, right: interferer follows the original 15-kHz grid
Observation 7: Case 2, neither the performance nor the relation of the interfering signal location is affected by the DL Rapp PA model.
It is worth noting that Rx-filter for F-OFDM is much longer and more complex for the other candidate waveforms. 
4
Conclusion
In this contribution we have compared the performance of different waveform candidate technologies with and without power amplifier model and come to the following conclusion:
Observation 1: No full band allocation evaluation case is defined for UL.

Observation 2: All new waveform candidates show similar performance in TDL-C 300ns and 1000ns channels with 64-QAM and code rate R=1/2.

Observation 3: The required tone offset for f-OFDM depends on the allocation width and introduces an additional degree of freedom on the design, which introduces additional complexity. 
Observation 4: There is no difference in performance with 64-QAM and R=1/2 in Case 2, when comparing the centered interferer or if interferer follows the original 15 kHz grid if the GB is at least 1. If there is no GB, then centralized interferer provides better performance. 
Observation 5: DL Rapp PA model has no effect on the high MCS performance.

Observation 6: UL Polynomial PA has a minor effect on the performance with 64-QAM, R1/2. 

Observation 7: Case 2, neither the performance nor the relation of the interfering signal location is affected by the DL Rapp PA model.
Conclusion 1: Special care on achieving the spectral efficiency targets set to NR is needed, especially in UL when including the polynomial PA model in the evaluations. 
Proposal 1: A 50 PRB UL scenario is required to evaluate the maximum spectral efficiency in UL.
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Appendix

A. Simulation parameter tables

	Assumptions
	Value

	Carrier frequency 
	4GHz 

	Duplex 
	FDD /TDD 

	Subframe duration 
	(72+14*(1024+72))/15.36e6 s 

	Subcarrier spacing 
	Case 1: 15KHz as baseline, 

Case 2: Target UE: 15KHz; Interferer pair: {30KHz, 30KHz}

	Cyclic prefix 
	6.7% overhead as baseline (72 samples), other interval is FFS (depend on numerology progress )

	System bandwidth & FFT size 
	10 MHz, 1024 for 15KHz subcarrier spacing, 512 for 30 kHz subcarrier spacing

	UE bandwidth (data transmission bandwidth plus guard tone  bandwidth of the desired UE)
	Case1: a) 9000 KHz (50 PRBs allocated for target UE, in the case of UFMC 48 PRBs) 

Case1: b) 720 KHz (4 PRBs allocated for target UE, 2 PRBs for interferer) 

Case2: Target UE: 720KHz (48 Subcarriers allocated)

      Interferer user: 720KHz (24 Subcarriers allocated)

	Bandwidth of guard tones between neighboring UEs
	0-60KHz

	Number of uplink users 
	Case1: b) 1 target user 

	Power offset of the interferer user
	0 dB

	Antenna configuration 
	1T1R

	MCS 
	For all cases: 64-QAM, R=1/2

For Case1: 256-QAM, R=4/5

	Control  overhead 
	Zero

	Time offset of interfering user
	Case 2: 0

	Channel estimation
	Ideal

	Channel model  
	TDL-C 300ns and TDL-C 1000ns


B. WOLA Transmitter and receiver details

The WOLA window length and window slope length are defined in Fig. 9. For Nfft=1024, the Ncp = Nws = 72 and for Nfft=512, the Ncp=Nws=36.
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Figure 21 – Window length and window slope length definition.
The Tx and Rx processing used in WOLA is illustrated in Fig. 10. In the transmitter an extended CP is added to each OFDM symbol. The extended CP is of length Necp=Ncp+Nws. The one sided overlap between preceding symbol is No=Nws. In the receiver, the Rx symbol is windowed, and after overlap-and-add processing the Rx FFT is taken from the center of the symbol time window.

[image: image27.emf]Extended CP FFT

Symbol time k Symbol time k+1

...

...

CP length

Extension length, equal to window slope length

Tx processing

Rx processing

+

Rx FFT window


Figure 22 – Tx and Rx processing for WOLA.

Guard band insertion
There are at least two possibilities how to align the interfering signal for the simulations. Here two options are illustrated. 
The first alignment, shown in Fig. 23, assumes that without guard band (GB) the interfering signal’s first active SC would locate at 15 kHz distance from the last active SC of the desired signal. With GB=4 SC, the interfering signal is shifted 60 kHz towards the right hand side, as shown in Fig. 24. The downside of this model is that the interference caused depends on the side at which the interferer is located.
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Figure 23 – Guard band and subcarrier placement illustration for mixed numerology scenario when interferer follows the original 15 kHz grid and GB=0
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Figure 24 – Guard band and subcarrier placement illustration for mixed numerology scenario when interferer follows the original 15 kHz grid and GB=4 (60 kHz)
The second alignment, as shown in Fig. 25, assumes that the interfering signal is centralized to the neighboring 720 kHz band, leading to 22.5 kHz distance between last desired signal SC and first interfering signal SC. In the case of GB=4, as shown in Fig. 26, the actual distance from active SC to active interfering SC is 82.5 kHz, but the distance from the first zero of the active SCs response to the first zero of the active interfering SC is 60 kHz. The downside is that additional frequency shifting is required for the interfering signal. 
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Figure 25 – Guard band and subcarrier placement illustration for mixed numerology scenario when interferer follows the centralized allocation and GB=0
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Figure 26 – Guard band and subcarrier placement illustration for mixed numerology scenario when interferer follows the centralized allocation and GB=4 (60 kHz)
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