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1. Introduction
Requirements on characterizing the nonlinearity of PA were raised in both RAN1 and RAN4.

In RAN1 #84bis meeting, it was agreed that RF nonlinearity is considered in RAN1 link level simulation for NR waveform evaluations in 4 evaluation cases defined in R1-163558 and an LS [1] was sent to RAN4. In addition to the 4 evaluation cases, RAN1 has agreed on the following: 

Consider the RF nonlinearity in the evaluation cases of R1-163558

· 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)
Based on the above, RAN1 would like to ask RAN4 guidance and views on:

· The applicability/fidelity of the models above for both UE and BS, different carrier frequency (for sub 6GHz and above) and signal bandwidth, and recommended parameters (operating point and back-off value in case of OFDMA and/or SC-FDMA, etc.) to be used in the models. 

· Alternative realistic PA models that RAN1 should adopt for NR waveform link level evaluation for sub 6GHz and above.
Later on, during the RAN4 Meeting #79, an LS[2] from RAN4 remarking as bellow was sent to RAN1 as a response to [1]:
· For the RAN1 evaluations and simulations above 6GHz, RAN4 has not really investigated how suitable the Rapp model is for modeling the challenges facing the PA design such as low efficiency, high frequency, and wide channel bandwidth, etc. Nevertheless, the Rapp model is considered a better model than the clipping model. The Polynomial model suggested for below 6 GHz can also be re-used for above 6GHz and would be better than Rapp. RAN4 is still looking into more accurate PA modelling like the impact of memory effect for higher frequencies and wider bandwidths as intended by NR.

· For the RAN1 evaluations and simulations below 6 GHz LTE and Wi-Fi PA measurements results with candidate waveforms shall serve as the benchmark for modelling. RAN4 propose the model based on real measurement using AM/AM and AM/PM polynomial approximation for initial studies.
Also during the RAN4 Meeting #79, issues regarding the non-linear behavior of the AM-AM/AM-PM characteristics of the power amplifier on mm-wave band was raised in [8].

After reviewed the existing literatures and contributions, views on PA model construction and selection were given. 
2. Issues of the PA model 
To get good compromise between the power efficiency and spectrum efficiency with the non-linearity of a realistic PA, measures such as waveform design, Crest Factor Reduction (CFR) and Digital Pre-Distortion (DPD) have been taken to mitigate the effects of the non-linearity [3][4][5].
Though a PA model can be used for the performance evaluation of CFR, DPD algorithm, or for obtaining the EVM, OOBE, OBO of a signal with a specific modulated waveform, the essential objective of a PA model is to represent the non-linearity behavior of a realistic PA per ce. 
In engineering practice, the selection/construction of a PA model should base on the specific goal for which the model is used. And all the facts relating to the model’s application should be taken into considerations systematically. In the case of waveform evaluation, the selected PA model may be different from the one for exerting the true OOBE/EVM values. But, to reuse the simulation results between RAN1 and RAN4, adopts the same PA model in both RAN1and RAN4 is beneficial. 
2.1 The PA models feasible of waveform evaluation 
The simulation curves in [6] were adopted here to see the effects of a PA model’s fidelity on the results of waveform evaluation.
In figure 1, in addition to the ‘IEEE model’, the Rapp’s model with parameters p = 1.1, p = 2, p = 3, and p = 100 was used to reveal the EVM and OBO performances of both OFDM and SC-FDE with different PA model parameter setting. For the Rapp’s PA model with higher p value, the AM/AM curve transforms into the ‘ideal clipping’ characteristic comprising a pure linear dependence between input and output signals below the PA saturation level , and constant output amplitude for signals above the saturation level. To estimate performance characteristics of PA with digital pre-distortion scheme, the Rapp’s model with p = 100 (transforming into the ‘ideal clipping’ characteristic) is usually used. 
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Figure. 1. EVM as a function of the OBO for OFDM and SC systems using QPSK modulation for different PA models(from figure 2 of[6])
The OBO (output back-off) is the negative back-off of the PA output power relatively to the saturation level. Maximum OBOs for the OFDM and SC systems with different PA model parameter setting were calculated to compare OBO value variation with respect to the PA non-linearity impact. The results were obtained with the help of numerical simulations in [6].
To determine if the fidelity of a PA model has effects on the results of waveform evaluation, the Rapp’s model with parameters p = 1.1, p = 2, p = 3, p = 100, and the ‘IEEE model’ may be viewed as models with different fidelity relative to the same realistic PA response curve.
Observation I: If waveform A has a better performance than waveform B on a PA model with high fidelity, this conclusion will hold on a PA model with low fidelity. In other words, the order of relative performance of different waveforms will be kept with different fidelity of a PA model, so make the selection of the PA model in waveform evaluation flexible.
2.2 The essential objective of a PA model
A PA model should be able to represent both the AM-AM and AM-PM non-linearity with satisfied fidelity. 
2.2.1 Key parameters to describe the AM-AM non-linearity 

The P1dB point, P3dB point and the Third-Order Intercept point are key parameters to describe the non-linearity behavior of a realistic PA.  
The P1dB point is the input power value that causes the gain to decrease 1 dB from the normal expected linear gain plot. It is the point around which amplifier starts to perform gain compression caused by its non-linearity. The P3dB point is the input power value that causes the gain to decrease 3 dB relative to the normal expected linear gain plot. The P3dB point is also referred as saturation point. The region between the P1dB point and P3dB point is referred as saturation region of a PA.
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Figure 2 the P1dB point, P3dB point, linear region and saturated region of a realistic PA
A PA working in the saturation region produces harmonics and inter-modulations products of the amplified inputs. The second, third, and higher harmonics are usually outside of the amplifier’s bandwidth and become the component of OOBE. However, if the signals are closely positioned in frequency, inter-modulation products can occur within the bandwidth of the amplifier [10]. The inter-modulation products within the bandwidth of the amplifier cannot be filtered out, so they will ultimately become interfering signals to the main signals and become a main contributor to EVM at the receiver side. Third-Order Intercept point is a parameter often used to describe the level of third-order inter-modulation products caused by AM-AM distortion.
Observation II: Since the P1dB point, P3dB point and the Third-Order Intercept point are key parameters used in PA device selections, the AM-AM PA model should also be characterized or configured by the P1dB point, P3dB point and the Third-Order Intercept point.   
2.2.2 No key parameters to describe the AM-PM non-linearity[9] 

Unlike the amplitude distortion is well understood and has an established litany of rules of thumb and design guidelines, the phase distortion effects seem more inscrutable, despite their obvious potentially disruptive effects in phase modulated systems.
There is also a good deal of mystery about exactly what causes AM-PM distortion in the first place. It is not clear where phase distortion comes from, even when looking at well-clipped voltage and current waveforms. Figure 3 shows data taken for the actual amplifier. The AM-PM data has been taken for one Class A and two Class AB amplifier conditions.
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Figure 3  Measured AM-PM for 1 watt 1.9 GHz PA. (Circles indicate input drive level for 1 dB compression. From Figure 9.13 of [9])
The best AM-PM behavior is exhibited by the Class A condition, as shown by the curve marked with “A” in figure 3. The AM-PM phase characteristic remains almost constant, or within a degree or so (which may be the measurement limit), and only starts to climb when the drive level is at about the 1 dB compression point. Although the maximum AM-PM excursion is shown to be about 25°, this corresponds to a fully saturated condition. 
As the PA device is biased down into deeper Class AB operation, the AM-PM phase change starts at a lower power level, well back into what would appear to be the linear region based on the amplitude characteristic, as shown by the curve marked with “AB2” in figure 3. Indeed, the deep AB condition (AB2) shows an almost linear phase change versus dB drive level up to the compression point, where it starts a more rapid reversal. It seems that the AM-PM distortion will vary greatly with the Class and working mode of an amplifier.
Observation III: The form of the modified RAPP model was obviously too simple and ideal to represent the AM-PM test data with satisfied fidelity.
2.3 The proper analytical expression of a PA model 
The previous contributions [3][4][5] given summary to the existing PA models including clipping model, RAPP model, modified RAPP model and polynomial model. The RAPP model and the polynomial model are different in the analytical expression form.

For the purpose of reuse the NR waveform link level evaluation simulation results in RAN4’s coexistence simulation, it is better for RAN4 and RAN1 to use the same PA model in their simulation in sub and above 6GHz.  

In view of good fitness to the test data, the polynomial model is better than the RAPP model in that the analytical expression of the polynomial model potentially feasible for the representation of both AM-AM and AM-PM distortion above 6GHz. Compared with the Measured AM-PM curve shown in figure 3, the form of the non-ideal AM-PM model given in [7] was obviously too simple and ideal.
Observation IV: The polynomial model is potentially feasible for representing the both of AM-AM and AM-PM distortion above 6GHz. Preferably, it is better for RAN4 and RAN1 to use the same PA model in their simulation above 6GHz.
Since the essential objective of a PA model is to represent the non-linearity behavior of a realistic PA, including both AM-AM and AM-PM distortions, the EVM, OOBE, OBO addressed in [1] are merely products of using a PA model.

3. Proposal
For PA model construction and selection, the following were proposed:
1) If waveform A has a better performance than waveform B on a PA model with high fidelity, this conclusion will hold on a PA model with low fidelity. In other words, the order of relative performance of different waveforms will be kept with different fidelity of a PA model, so make the selection of the PA model in waveform evaluation flexible.

2) Since the P1dB point, P3dB point and the Third-Order Intercept point are key parameters used in PA device selections, the AM-AM PA model should also be characterized or configured by the P1dB point, P3dB point and the Third-Order Intercept point.

3) The form of the modified RAPP model was obviously too simple and ideal to represent the AM-PM test data with satisfied fidelity.
4) The polynomial model is potentially feasible for representing the both of AM-AM and AM-PM distortion above 6GHz. Preferably, it is better for RAN4 and RAN1 to use the same PA model in their simulation above 6GHz.
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