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1 Introduction
There is an LS from RAN1 [1] on realistic power amplifier model for NR waveform evaluation:

In addition, 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.
In this contribution, we first provide our views on what constitutes a realistic PA model, and then compare the realistic PA model with the Rapp Model and Clipping model. Finally, we provide our recommendations on how to move forward on this issue. 
2 Discussion
2.1 Realistic PA model

It is well know that an ideal PA would have a linear relation between the input power and output power of the PA. In other words, increasing the input power would increase the output power in a linear way. However, a real-world PA would perform differently. When the input power is low, the PA output power is a linear response of the input power. When the input power continues increasing, the linear relation is no longer valid and the output power would not increase linearly and eventually cease to increase, which means the PA is saturated. In saturation, the input signal will be greatly distorted and the system performance greatly impacted. In addition, the in-band and out-of-band emission will be very severe.
On the other hand, to attain maximum power efficiency, it is desirable for the PA to work in the vicinity of power saturation. For input signals with constant power or very low PAPR, high power efficiency and linearity can be achieved at the same time. However, for input signals with high PAPR, the PA has to be backed off in order to maintain linearity, thereby degrading power efficiency. To strike a good balance between power efficiency and linearity, a real-world PA needs to deploy techniques such as Crest Factor Reduction (CFR) and/or Digital Pre-Distortion (DPD) to improve its performance. There are other linearity techniques such as feedforward and feedback, which have their own issues and are used less often than CFR or DPD nowadays.  
CFR is used to reduce the PAPR of a transmitted signal so that PA can operate with less back off. There are many different CFR algorithms for CFR such as hard clipping, peak windowing or peak cancellation. 
DPD is used to reduce the PA distortion when working in non-linear regions, thereby increasing its efficiency. Currently almost all base stations employ some sort of CFR and DPD algorithms. In terms of PA efficiency improvement, it is quite significant. For example, a typical Class AB LDMOS PA with WCDMA waveforms may have efficiency around 10%; and when CFR and DPD are used, the efficiency can increase multi-folds to 30-40% and could be even higher for PAs with Doherty architectures. It is also worth noting that some advanced UEs may also use some CFR or DPD or a combination of both, perhaps in a simpler manner. Advanced DPD algorithms with some adaptation loop can also help mitigate the memory effects of real PAs that are due to unintentional bias modulation or thermal effects.
The performance metrics to evaluate a CFR or DPD algorithm could be implementation complexity, cost-effectiveness, support of maximum instantaneous bandwidth, signal dynamic range, and frequency variation, etc. Note when designing those algorithms, EVM performance needs to be carefully considered. In general, part of the total EVM budget will be used to accommodate PA non-linearity.
Furthermore, a real PA needs to be designed to deal with other demanding requirements in wireless systems. To name a few, they include being able to handle large instantaneous bandwidth, support multi-carrier and multi-mode transmission, be robust in some harsh working environment, and finally still be priced at a point that is required for commercialization.
2.2 PA challenges in mmWave

While there are several semiconductor technologies including CMOS, GaAs, or GaN are currently being developed, or being commercialized for wireless applications in mmWave frequencies, PA design faces many new challenges.
First, it is hard to achieve high output power due to issues like low supply voltage, thin gate oxide, and low breakdown voltage, transistor size, impedance matching. 
Second, the power efficiency is low because of the low available gain of the transistors and the poor quality of on-chip passive components.
Also, some linearity technique such as DPD may be hard to implement due to the very wide transmission bandwidth. This means it is even harder to achieve good linearity at relatively high power efficiency. This further highlights the importance of choosing a waveform that leads to good spectrum emission performance in the baseband.
To summarize, while there is good understanding and modeling of the real PAs for low frequencies, i.e. below 6GHz, it may be harder to correctly model the PA behavior for high frequency, i.e. above 6GHz as the design challenges shift and the design is yet to mature.  
2.3 Comparing realistic PA with Rapp and Clipping Model
The comparison between a realistic PA model, the Rapp model and the clipping model is given in the table below.
	PA Models
	Pros
	Cons
	Additional comments

	Realistic PA model
	· If agreed on, is closest to real PA especially for below 6GHz operation, and able to model algorithms including CFR and DPD

· May be able to deal with more real PA issues like memory effects
	· Requires complex modelling of CFR and/or DPD algorithms
· May take long time to agree on a model

· Remains to be seen how fit for PAs mmWave frequencies
	· Algorithms like CFR and DPD are often implementation specific and details may not be publicly available

· Implementation tradeoffs between performance, complexity and cost may greatly affect design choices

	Rapp model
	· Simple

· Consider both AM-AM and AM-PM conversion 

· Compared with the Clipping mode, has more parameters to tune in order to fit different PA behavior
· Used/cited in many studies including IEEE studies
	· Less realistic, unable to model CFR or DPD
· Remains to be seen how fit for PAs for mmWave frequencies
	Need to properly set the PA operating point

	Clipping model
	· The simplest among three models being considered

	· Least realistic, unable to model CFR or DPD
· Lack of consideration of AM-PM conversion
· Less used/cited in other studies

· Remains to be seen how fit for PAs for mmWave frequencies
	Choosing the clipping threshold is equivalent to setting the PA operating point


From the above table, it seems there is no clear winner among the three models being considered.
2.4 Potential WF

Given the comparison in section 2.4, there are the following possible options to proceed with:
1. RAN4 needs more time to further study and discuss the models and to see if any of the models can be further improved and then give to RAN1 our recommendation of which model to use.
2. RAN4 provides its analysis of pros and cons as shown in the above table in an LS to RAN1 at this meeting without giving our recommendation. It is up to RAN1 to decide which model they want to use in their continued study. Since there is no realistic PA model provided as an alternative to the Rapp model or the Clipping model, it is likely that RAN1 will base their evaluation on either the Rapp model or the Clipping model.
3. Instead of recommending to RAN1 which model to use, RAN4 provides an RF implementation margin over the current spectrum mask (i.e. the LTE mask for below 6GHz spectrum), which would be used to accommodate RF non-linearity. With this margin, RAN1 can then continue focusing on its evaluation of baseband performance. Note it may also take some time to agree on the RF implementation margin.
Since this is the first time for RAN4 to discuss this important issue, our preference would be options 1 or 3.
3 Conclusion

In this contribution, we discuss what constitutes a realistic PA model and the challenges in PA design for mmWave frequencies. Then, we compare the realistic PA model with the Rapp Model and Clipping model. Based on this comparison, our recommendation on how to move forward on this issue is given.
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