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Introduction
It was agreed in RAN1_85 [1] that NR will adopt the polynomial or modified Rapp model for the waveform evaluation for sub-6Ghz. specifically, the RAN4 response [1] states:
“… it is recommended at this stage that above 6GHz Rapp model is considered a better model than the clipping model and RAN1 to use polynomial model below 6GHz for indicative simulations that are relevant for today’s bandwidths”

In this contribution, we compare the out of band emissions from a few FFT-based waveform candidates using the proposed polynomial model, in terms of meeting the existing spectral emission mask (SEM) and adjacent channel leakage ratio (ACLR) requirements. We also compare the results with measurements using a commercial power amplifier. 
Discussion
A memoryless AM/AM and AM/PM polynomial model based on measurements of a realistic 3.5 GHz LTE PA has been recommended by RAN4 for initial evaluation for NR sub 6GHz waveforms [10][11].  The PA model has been calibrated such that -1 dBm 20 MHz QPSK fully populated LTE uplink signal at the PA input will generate 22 dBm at the antenna, which just meets the minimum ACLR requirements. 
In this contribution, we performed similar AM/AM and AM/PM measurements using an example of commercial LTE PA. We compare the various waveform candidates based on this PA when the output meet the LTE out of band emission requirements.

Comparison using polynomial model
[bookmark: _Ref378529477]Considering the proposed polynomial model [11], the input power operating point is selected such that ACLR requirements and SEM are both met. The data in Figure 1 shows the ACLR in dBc versus the PA output power in dBm for three candidate waveforms namely filtered-OFDM, WOLA-OFDM and UFCM.  To meet the 30 dBc ACLR specs, the PA o/p power is limited to almost 23.7 dBm for both WOLA and f-OFDM waveforms and to 23 dBm for UFMC. The output power at the antenna port is less by 4 dB to account for RF front end losses.
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[bookmark: _Ref458676550][bookmark: _Ref458676546]Figure 1: ACLR in dBc versus PA output power in dBm for the candidate waveforms.

A comparison of the power spectrum density (PSD) of the candidate waveforms is shown in Figure 2 where the PA input operating point is selected to achieve 23 dBm output power at PA output. This operating point satisfy the SEM and meet the 30 dBc ALCR specifications. 
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[bookmark: _Ref458677012]Figure 2: PSD at PA output using proposed polynomial model

A zoom-in at the band-edge of the PSD plots is shown in Figure 3 shows that the three candidate waveforms have similar skirt profiles and the difference is generally within 1 RB. Also, smaller guard band can be achieved as compared to the 10% guard band of the LTE. 
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[bookmark: _Ref458677278]Figure 3: PSD Zoom-in at band edge.
Observation 1: based on the RAN4 proposed polynomial model, the three candidate waveforms (WOLA, F-OFDM, UFMC) have similar skirt profiles and the difference is generally within 1 RB.
Comparison using commercial PA
The AM/AM and AM/PM Lab measurements of the commercial LTE PA were conducted at 3.61 GHz. Furthermore, the measured AM/AM and AM/PM curves were approximated using 10th order and 20th order polynomial respectively as shown in Figure 4.
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[bookmark: _Ref458704970]Figure 4:  Measured vs fitted AM/AM and AM/PM model.
To verify the model, a 10 MHz CP-OFDM waveform is pushed to both the actual PA and the polynomial based AM/AM and AM/PM model. Figure 5 shows a very good match of the PSD plots of both the measured waveform at the PA output and at the output of polynomial model.
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[bookmark: _Ref458705393]Figure 5: PSD plots comparison

Furthermore lab measurements were conducted using the commercial LTE PA to compare the ACLR of the three candidate waveforms at different Pout. Results are depicted in Figure 6. It can be seen that the 30 dBc ACLR requirement can be achieved at output power slightly larger than 27 dBm for both filtered OFDM and WOLA waveforms. Thus, this PA model can achieve the maximum 23 dBm power at the antenna port while satisfying the ACLR requirements. 
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[bookmark: _Ref458787354]Figure 6: ACLR measurements using the commercial LTE PA
A comparison of the power spectrum density (PSD) of the candidate waveforms at the commercial PA output is shown in Figure 7 where the PA input operating point is selected to achieve 27 dBm power at the PA output (23 dBm at the antenna port). This operating point is selected to satisfy the SEM and meet the 30 dBc ALCR specifications for both the filtered OFDM and WOLA waveforms. It can be concluded here that there is no much difference between the OFDM-based waveforms in terms of out-channel emissions. This observation is consistent with the measurements in [9].
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Figure 7: PSD at PA output using the commercial LTE PA

[bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168]Observation 2: for UL OFDM waveforms with realistic PA, there is no much difference between waveforms in terms of out-of-channel emission.
Simulation Results
Using the fitted AM/AM and AM/PM PA model of the commercial LTE PA, a waveform evaluation study of both WOLA and f-OFDM was performed following the simulation settings of case-3 and case-4 with the assumption of 10 dB power offset and RoT saturation level of 20 dB. For a fair comparison of the two waveforms with different tail lengths, we introduce an effective throughput metric defined as

: Number of Symbols per Subframe
: Symbol duration including CP and ZP
: WOLA Length or Filter Tails
In this simulation, the subframe duration is set to be 1 ms which contains 14 OFDM symbols. The parameters for the effective throughput computation is given as follows.
[bookmark: _Ref458785346]Table 3 Parameters for the effective throughput computation
	
	N
	
	

	WOLA
	14
	71 us
	1.6 us

	F-OFDM
	14
	71 us
	33 us


Figure 8 and Figure 9 show the effective throughputs for the WOLA and F-OFDM waveforms for case 3 and case 4 respectively. 
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[bookmark: _Ref458788581][bookmark: _Ref458788572]Figure 8:  Effective throughput for Case 3: UE Bandwidth 720kHz, Guard Band (Left: 60 KHz GB, Right: 180 KHz GB)
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[bookmark: _Ref458788584]Figure 9: Effective throughput for Case 4: UE Bandwidth 720kHz, Guard Band (Left: 60 KHz GB, Right: 180 KHz GB).
Observation 3: With the current simulation assumption of 10 dB power offset and 20 dB RoT saturation level, the difference between F-OFDM and WOLA are very marginal.  
Conclusions
With realistic PA, difference between OFDM-based waveforms should be small in practice for most typical cases. Therefore, should also consider other important factors, such as switching overhead, processing delay (especially for URLLC), and complexity.
Observation 1: based on the RAN4 proposed polynomial model, the three candidate waveforms (WOLA, F-OFDM, UFMC) have similar skirt profiles and the difference is generally within 1 RB.
Observation 2: for UL OFDM waveforms with realistic PA, there is no much difference between waveforms in terms of out-of-channel emission. 
[bookmark: _GoBack]Observation 3: With the current simulation assumption of case3 and case 4 with 10 dB power offset and 20 dB RoT saturation level, the difference between F-OFDM and WOLA are very marginal
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