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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, as well as the benefits of subband-wise filtering with the UF-OFDM candidate technology. 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 waveform candidate technologies CP-OFDM, subband-filtered OFDM (UF-OFDM [6], f-OFDM [7]) and windowed CP-OFDM [8][9], also denoted as WOLA. We use a subset of the settings described in [2][5] and have included the power amplifier model (PA) in [10] for realistically taking into account non-linearities of transmitter hardware.
We present simulation results for extended simulation settings which assess the effect of the several assumptions:

1. perfect channel knowledge at receiver side

2. matched receiver 

3. multiple allocations in synchronous single numerology setting

on the performance of the different waveforms.
Section 2 contains simulation settings and the PA model, where we also discuss the choice of phase compensation. In section 3, we discuss the performance results with and without the power amplifier model. 
2
Simulation Settings and Power Amplifier Model
2.1 Basic link level simulation settings
· Modulation and Coding scheme: 64QAM , Turbo coding: CR=1/2, 8 iterations

· Channel: TDLC 300ns, 1000ns  / 3 km/h

· Perfect channel estimation
· 3 user allocations, target allocation in the middle.
· Baseline numerology: FFT size 1024, Δ𝐹=15𝑘𝐻𝑧, Time overhead: 72 samples, 14 symbols per TTI (no pilots)

· No Tail included (WOLA or F-OFDM) in TTI transmission

· Allocation width: 4 PRBs (12 subcarriers per PRB), 60kHz guard band per UE allocation:

· 15kHz: 4 guards (2 on each side)

· 30kHz: 2 guards (1 on each side)
Further details can be found in appendix A.
2.2 Waveform Parameters

· WOLA Half Overlap at transmitter and receiver
· [image: image2.png]wirx = 72 samples




· (see appendix B for more details)
· F-OFDM:
· sinc filter at transmitter and matched receiver
· 15kHz : L=513, TO=0,4/30kHz : L=257, TO=0,2
· Pre-equalization off
· Filter applied per subband (without guards)
· UF-OFDM: 
· Dolph-Chebyshev filter
· 15kHz : L=72,SLA=75dB/30kHz : L=37, SLA=37dB
· Pre-Equalization on
· Receiver matched filter
· Filter applied per subband
2.3 Power amplifier modelling and parametrization
Model details can be found in appendix C. As the power amplifier model causes a phase distortion and the results should be provided using perfect channel state information at the receiver, a fixed power amplifier phase compensation is carried out. Figure 1 shows the error vector magnitude (EVM) as a function of fixed phase compensation parameter in the absence of channel and noise.

[image: image4]
Figure 1 – EVM as a function of fixed phase compensation parameter

An EVM minimum is achieved with -77.1° phase compensation. Note that the EVM for f-OFDM is highest due to inter-symbol interference caused by the long filters. This ordering is not maintained when it comes to BLER below.

Observation 1: A phase compensation of -77.1° leads to lowest EVM for the polynomial PA model.
The resulting spectrum when using the PA model is depicted by figure 2 for the different waveforms with and without PA. The adjacent channel power ratio is computed as the ratio between the power leaked to the adjacent ½ RBs versus the power in the main allocation subband.
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Figure 2 – Spectrum of different waveforms with and without PA.

Note that the selected output power of 22dBm means noticeable PA back-off with the selected UL PA model. To further evaluate how the waveforms compare to each other, it should be investigated how much output power could be achieved, while meeting minimum requirements for EVM and unwanted spectrum emissions.

Proposal 1: In future simulations different waveforms should be evaluated for their maximum achievable output power, while meeting EVM and unwanted spectrum emissions requirements. 

3
Simulation Results 
3.1 Impact of Channel Estimation

[image: image7]
Figure 3 – Case 3 with synchronous transmission without power amplifier and DS=300ns  (synchronous single numerology(15kHz) uplink); Left: pilot assisted channel estimation with 6 dB pilot power boosting , right perfect channel knowledge; Interference power offset (IPO) = 0 dB; 0 in-band guard subcarriers used
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Figure 4 –Case 3 with synchronous transmission with power amplifier and DS=300ns (synchronous single numerology(15kHz) uplink); Left: pilot assisted channel estimation with 0 dB pilot power boosting, right perfect channel knowledge; IPO= 0 dB; 0 in-band guard subcarriers used
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Figure 5 – Case 3 with synchronous transmission without power amplifier DS=300ns (synchronous single numerology (15kHz) uplink); pilot assisted channel estimation with 0 dB pilot power boosting; IPO = 10 dB; 0 in-band guard subcarriers used;
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Figure 6– Case 3 with synchronous transmission with power amplifier DS=300ns (synchronous single numerology(15kHz) uplink); Left: pilot assisted channel estimation with 0 dB pilot power boosting, right perfect channel knowledge; IPO = 10 dB; 0 in-band guard subcarriers used;

Observation 2: Evaluation of the different waveforms, using perfect channel knowledge, overlooks some degradation effects which are visible only using realistic pilot assisted channel estimation. With the long filters, f-OFDM imposes high ISI on the pilots and leads to a higher error floor which is significant in case of pilot assisted channel estimation, while the other waveform candidates WOLA and UF-OFDM do not show such kind of effect.
Power amplifier reduces performance differences between different waveforms but degradation for f-OFDM due to non-ideal channel estimation is visible in PA case as well. 
Proposal 2: As actual channel estimation has an impact on the performance of waveforms, it should be considered in future waveform evaluations. 
Observation 3: The configuration for f-OFDM regarding the tone offset parameter has to be adjusted for best performance, depending on the scenario and setting. This will lead to added complexity.
While it was claimed in previous T-docs that TO=4 is the best choice for the synchronous case, our results in figures 3-6 (and in the next section) cannot confirm this in case multiple users with neighbored allocations are active.

Observation 4: Typical configurations with multiple users using the synchronous case with the same numerology do not lead to performance degradation for WOLA and UF-OFDM, while f-OFDM shows worse performance and even an error floor. 
In order to meet all the NR performance targets the support of better spectrum confinement should not be created at cost degrading the performance of the typical synchronous case where UL timing advance is working and all the users have the same numerology in use (in frequency domain at given time). 

Proposal 3: In future simulations typical configuration with multiple users using the synchronous case with the same numerology should be simulated in order to ensure that better spectrum confinement will not degrade the performance in other typical cases.  
F-OFDM with TO=4 has only shown an improved performance in case only 1 user is allocated (as in case 1a and 1b) [11]. In case of multiple allocations f-OFDM with TO=4 even leads to a performance degradation in case of zero guard band.

3.2 Transmitter Only Processing

[image: image11]
Figure 7 – Case 3 without power amplifier DS=300ns (asynchronous uplink, TO 128 samples, perfect channel knowledge); Left: Interference power offset (IPO)= 10 dB, right IPO= 0 dB.


[image: image12]
Figure 7 – Case 4 without power amplifier DS=300ns (mixed numerology uplink with allocation 1/2/3 being 30kHz/15kHz/30kHz, perfect channel knowledge); Left: IPO=10 dB, right IPO=0 dB; 4 in-band guard subcarriers used
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Figure 9 – Case 3 with power amplifier DS=300ns (asynchronous uplink, TO 128 samples, perfect channel knowledge); IPO=0 dB, 4 in-band guard subcarriers used
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Figure 10 – Case 4 with power amplifier DS=300ns (mixed numerology uplink with allocation 1/2/3 being 30kHz/15kHz/30kHz, perfect channel knowledge); IPO=0 dB, 4 in-band guard subcarriers used

Applying sub-band processing or windowing only at the transmitter side is an interesting case if the goal is to have a simple receiver or if the receiver is not aware of exact filtering or windowing details used in the transmitter. In case 3 with transmitter only processing and perfect channel knowledge UF-OFDM and f-OFDM have practically the same performance without and with power amplifier shown in figures 6 and 8. Also WOLA with and without PA improves the performance compared to plain CP-OFDM in case 3. In case 4, with mixed numerology, UF-OFDM has a much better performance than f-OFDM and WOLA both without and with PA as seen in figure 7 and figure 9. 
Observation 5: Some waveforms are relying more on particular receiver processing than others. When the receiver does not use a matched filter, f-OFDM suffers from strong performance losses, while UF-OFDM is only mildly affected and gives the best performance in this case.
Proposal 4: In future simulations impacts and performance should be investigated when the receiver is not aware of exact filtering or windowing details used in the transmitter.
4
Conclusion
In this contribution we have compared the performance of different waveform candidate technologies with and without power amplifier model. We have presented simulation results for extended simulation settings which assess the effect of the several assumptions:

1. perfect channel knowledge at receiver side

2. matched receiver 

3. multiple allocations in synchronous single numerology setting

on the performance of the different waveforms and have come to the following conclusions:
Observation 1: A phase compensation of -77.1° leads to lowest EVM for the polynomial PA model.
Observation 2: Evaluation of the different waveforms, using perfect channel knowledge, overlooks some degradation effects which are visible only using realistic pilot assisted channel estimation. With the long filters, f-OFDM imposes high ISI on the pilots and leads to a higher error floor which is significant in case of pilot assisted channel estimation, while the other waveform candidates WOLA and UF-OFDM do not show such kind of effect.
Observation 3: The configuration for f-OFDM regarding the tone offset parameter has to be adjusted for best performance, depending on the scenario and setting. This will lead to added complexity.
Observation 4: Typical configurations with multiple users using the synchronous case with the same numerology do not lead to performance degradation for WOLA and UF-OFDM, while f-OFDM shows worse performance and even an error floor. 
Observation 5: Some waveforms are relying more on particular receiver processing than others. When the receiver does not use a matched filter, f-OFDM suffers from strong performance losses, while UF-OFDM is only mildly affected and gives the best performance in this case.

Proposal 1: In future simulations different waveforms should be evaluated for their maximum achievable output power, while meeting EVM and unwanted spectrum emissions requirements. 

Proposal 2: As actual channel estimation has an impact on the performance of waveforms, it should be considered in future waveform evaluations. 
Proposal 3: In future simulations typical configuration with multiple users using the synchronous case with the same numerology should be simulated in order to ensure that better spectrum confinement will not degrade the performance in other typical cases.  

Proposal 4: In future simulations impacts and performance should be investigated when the receiver is not aware of exact filtering or windowing details used in the transmitter.
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Appendix

A. Simulation parameter tables

	Assumptions
	Value

	Carrier frequency 
	4GHz 

	Duplex 
	FDD /TDD 

	Subframe duration 
	1 ms as baseline, other duration is FFS (short duration could be considered) 

	Subcarrier spacing 
	Case  3: 15KHz as baseline, 

Case 4: Target UE: 15KHz; Interferer pair: {30KHz※, 30KHz※}, {7.5KHz, 7.5KHz} other value for interferers is not precluded.

	Guard time interval 
	6.7% overhead as baseline, other interval is FFS (depend on numerology progress )

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

	UE bandwidth (data transmission bandwidth plus guard tone  bandwidth of the desired UE)
	Case3:  -720 KHz (48 Subcarriers per user allocated for both target UE and interferer UEs) 

Case4:

     Config1※:    Target UE:          - 720KHz (48 Subcarrier allocated)

                          Interferer users:  - 720KHz (per UE) 

     Config2:       Target UE:         - 2880KHz (192 subcarrier allocated)

                          Interferer users:  -2880KHz (per  UE)

	Bandwidth of guard tones between neighboring UEs
	{0, 15, 30, 45, 60※, 90, 120, 180}KHz

	Number of uplink users 
	3 (1 target user and 2 interferer users) 

	Power offset of the interferer user
	0 dB, 5 dB, 10 dB※, 20 dB

	Antenna configuration 
	1T1R※ , other configuration that captures MIMO aspect is TBD

	MIMO mode
	If companies bring results for MIMO, it is recommended to use at least one constant modulus precoding scheme. Companies need to provide their CSI and precoding assumptions for MIMO evaluations. MIMO correlation matrices should be low correlation (i.e. uncorrelated) for RAN1#86 in case of MIMO simulations.

	MCS 
	Fixed. 16QAM: 1/2 or 2/3;  64QAM: 1/2※ or 3/4; other is not precluded

	Control  overhead 
	Zero

	Time offset of interfering user
	Case 3: fixed offset {0, 128※, 512} samples (for 15 KHz subcarrier spacing with 1024 FFT size) 

Case 4: 0

	Channel estimation *
	Ideal※, realistic

	Channel model  **
	TDL 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/EVA/EPA are optional.

Mobility: 3km/h※ or 30 km/h or 120 km/h, higher speed is not precluded.


B. WOLA Transmitter and receiver details


[image: image15]
Figure 9 – Transmit and receive window roll-off. For our WOLA simulations: Lwt = Lwr = 144

[image: image16]
Figure 10 – Transmit windowing for one OFDM symbol. In our simulation settings with N=1024, LCP = 72 samples the overlapped extension is 36 samples on each side.

For additional illustrations regarding transmit symbol sequence and receive window placement see [3].
C. Power amplifier model 
Model behavior

Polynomial model [10] parameters: 
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]
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Figure 11 – Left: AM-AM curve; Right: Input-power dependent amplifier gain
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Figure 12 – Left: AM-PM curve
Selection of input operation point

The input power operation point corresponding to 22dBm output power, with 4PRBs, 64QAM was chosen as 
-5.12dBm

[image: image20]
Figure 13 – Choice of operation point and impact for different waveforms
D. Guard band insertion

[image: image21]
Figure 14 – Guard band and subcarrier placement illustration for mixed numerology scenario
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