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Introduction
RAN4 has received a Liaison Statement (LS) from RAN1 relating to PA models [1]. RAN1 have discussed a so-called Rapp PA model that captures AM-AM and AM-PM effects and requested feedback on the specific model. More generally, RAN1 has requested RAN4 to provide feedback on other suitable models.
Specifically, the action in [1] to RAN4 is as follows:

-	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.

The need for a PA model in RAN1 arises from the discussion on suitable waveforms for NR. It has been tentatively agreed that the NR waveform will be OFDM based, but further waveform optimizations are under consideration. Since an important goal of several waveform types is to reduce PAPR and increase the achievable PA efficiency whilst meeting emissions requirements, it is important that the impact of PA non-linearities are in some extent taken into account in RAN1 link level modelling.
This document provides some considerations on the Rapp model that RAN1 has asked for feedback on. Also, other potential PA models are briefly described and evaluated, considering the essential characteristics as well as the pros and cons of each model.
Discussion
There are a few simple models for basic amplifier non-linear behaviour. A more rigorous model would include the Volterra series expansion which can model complex non-linearities such as memory effects. Among the more simple models one can count the Rapp model, Saleh model and the Ghorbani model. Combinations of pure polynomial models and filter models are also often referred to as fairly simple models, of which the Hammerstein model could be mentioned.
The advantage of the simpler models is usually in connection to for a need of very few parameters to model the non-linear behaviour. The drawback is that such a model only can be used in conjunction with simple architecture amplifiers such as the basic Class A, AB and C amplifiers. Amplifiers such as the high efficiency Doherty amplifier can in general not be modelled by one of these simple models.
In addition, to properly capture the PA behaviour for the envisaged large NR bandwidths, it is essential to use PA models capturing the memory effects. Such models would require an extensive set of empirical measurements for proper parameterization.

Considerations on the Rapp model proposed by RAN1
The Rapp model [2] has basically 2 parameters by which the general envelop distortion may be described. It mimics the general saturation behaviour of an amplifier and lets the designer set a smoothness of the transition by a P-factor. By extending this also to model phase distortion, one has in total 6 parameters available. The basic simple model may be found as: 


This model produces a smooth transition for the envelope characteristic as the input amplitude approaches saturation. In the more general model, both AM-AM and AM-PM distortion can be modelled. In general terms, the model describes the saturation behaviour of a radio amplifier in a good way. 


“x” is the envelop of the complex input signal. If signal measurements are at hand of the input/output relationship, the parameters of the model may be readily found for a particular amplifier by for example regression techniques. 
The strength of the Rapp model is lies in its simple and compact formulation, and that it gives an estimation of the saturation characteristics of an amplifier. The drawback of this simple model is of course that it cannot model higher order classes of amplifiers such as the Doherty amplifier. It also lacks the ability to model memory effects of an amplifier.
In conclusion, RAPP model similar to other memory less models would capture some aspects in relation to waveform design but could not serve as a complete and comprehensive PA model covering all the effect possibly affecting the waveform design.

Other potential models

Saleh Model
The Saleh model [3] is a similar model to the Rapp model. It also gives an approximation to the AM-AM and AM-PM characteristics of an amplifier. It offers slightly less number of parameters (4) that one can use to mimic the input/output relationship of the amplifier.
The AM-AM distortion relation and AM-PM distortion relation are found to be as:



“r” is the envelop of the complex signal fed into the amplifier, and / are real-valued parameters that can be used to tune the model to fit a particular amplifier.

Ghorbani Model
The Ghorbani model [4] also gives expressions similar to the Saleh model, where AM-AM and AM-PM distortion is modeled. Following Gharbani, the xepressions are symmetrically presented as rephrased below.


In the expressions above, g(r) corresponds to AM-AM distortion, while f(r) corresponds to AM-PM distortion. The actual scalars x1-4 and y1-4 have to be extracted from measurements by curve fitting or some sort of regression analysis. 

Taylor (Polynomial) series
The next step in the more complex description of the non-linear behaviour of an amplifier is to view the characterization as being subject to a simple polynomial expansion [5]. This model has the advantage that it is mathematically pleasing in that it for each coefficient reflects higher order of inter-modulations. Not only can it model third order intermodulation, but also fifth/seventh/ninth etc. Mathematically it can also model the even order intermodulation products as well, it merely is a matter of discussion whether these actually occur in a real RF application or not.


Coefficients may be readily be expressed in terms of Third Order Intercept point IP3 and gain, as described above. This feature makes this model specially suitable in low level signal simulations, since it relates to quantities that usually are readily available and easily understood amongst RF engineers. 

Hammerstein model
The Hammerstein model [6] consists of a combination of a Linear + Non-Linear block that is capable of mimicking a limited set of a Volterra Series. As the general Volterra series models a nested series of memory and polynomial representations, the Hammerstein model separates these two defining blocks that can in theory be separately be identified with limited effort.
[image: ]
The linear part is often modelled as a linear filter in the form of a FIR-filter. The non-linear part is then on the other hand simply modelled as polynomial in the envelop domain. 
Non-linear

Linear

The advantage of using a Hammerstein model in favour of the simpler models like Rapp/Saleh or Ghorbani is that it can in a fairly simple way also model memory effects to a certain degree. Although, the model does not benefit from a clear relationship to for example IIP3/Gain but one has to employ some sort of regression technique to derive polynomial coefficients and FIR filter tap coefficients.

Wiener model
The Wiener model describes like the Hammerstein model a combination of  Non-linear + Linear parts that are cascaded after each other. The difference to the Hammerstein model lies in the reverse order of non-linear to linear blocks.

[image: ]
In the first block in the figure above, the non-linear block is preferably modelled as a polynomial in the envelope of the complex input signal. This block is the last one in the Hammerstein model as described above. The polynomial coefficients may themselves be complex, depending on what fits measured data best. See expressions for non-linear and linear parts under the Hammerstein section.
The second block which is linear may be modelled as an FIR filter with a number of taps that describes the memory depth of the amplifier.
Volterra series expansion model
The purpose of a behavioural model is to describe the input-to-output relationship as accurate as possible. Many approaches to behavioural modelling of radio power amplifiers have been devised during the years. So far, most of the state-of-the-art approaches lean on a fundament of the so called Volterra series, [7]. The Volterra series is in common words described as a kind of “Taylor series with memory” and is able to model all weak non-linearity with fading memory. Common models like for example the memory polynomial can also be seen as a subset of the full Volterra series and can be very flexible in designing the model by simply adding or subtracting kernels from the full series.
The discrete-time Volterra series, limited to causal systems with symmetrical kernels (which is most commonly used for power amplifier modelling) is written as
[image: ]
in which P is the non-linear order and M is the memory-depth.
Further on, there are benefits which the Volterra series hold over other modelling approaches. These are as follows.
· It is linear in parameters, meaning that the optimal parameters may be found through simple linear regression analysis from measured data. It further captures frequency dependencies through the inclusion of memory effects which is a necessity for wideband communication.
· The set of kernels, or basis functions, best suited for modelling a particular power amplifier may be selected using methods which rely on physical insight, [8]. This makes the model scalable for any device technology and amplifier operation class.
· It can be extended into a multivariate series expansion in order to include the effects of mutual coupling through antenna arrays, [9]. This enables the studies on more advanced algorithms for distortion mitigation and pre-coding.
It may be observed that other models such as static polynomials, memory polynomials and combinations of the Wiener and Hammerstein models are all subsets of the full Volterra description. 
As previously stated, empirical measurements are needed to parameterized PA model based on Volterra series expansion.
Memory Polynomials
A subset of the Volterra Series is the memory polynomial [8, 9] with polynomial representations in several delay levels. This is a simpler form of the general Volterra series. The advantage of this amplifier model is its simple form still taking account of memory effects. The disadvantage is that the parameters have to be empirically solved for the specific amplifier in use.


The equation above shows an expression for a memory polynomial representation of an amplifier involving two memory depth layers. Each delayed version of the signal is associated with its own polynomial expressing the non-linear behaviour..


Conclusion
In this contribution, considerations have been provided on the Rapp model as requested by RAN1. Although the model is simple and could potentially provide some insights that could be useful for deciding on the RAN1 waveforms, the model does not capture all effects associated with the power amplifiers possibly in relation to waveform design. 
Some further models have been provided together with pros and cons of each model indicating that there is not a single simple model that can fully capture all necessary characteristics. In particular for larger bandwidths, simple memoryless models such as Rapp are insufficient, and memory models are necessary.
NR will involve higher frequencies and larger bandwidths. Massive MIMO is likely to be a key feature of NR and so in particular for base-stations (also potentially UEs at higher frequencies), traditional large PAs will be replaced by a large number of small transmitters. Recommending parameters for a model would necessitate a common understanding of the characteristics of NR PAs; otherwise parameterizing a model without knowledge of the PA that it is meant to capture would lead to a misleading and unrealistic result. Furthermore, it is likely that depending on frequency, scenario, type of product etc. there could be different appropriate PA architectures with different characteristics, and so there is probably no single right parameterization or model.
Selection of an appropriate PA model is thus quite a complex task where apart from the model itself, there is a need to derive an appropriate parameterization of the model.
Since RAN4 is still at the starting phase of the NR work, we propose to indicate to RAN1 the usefulness and potential limitations of the Rapp model as well as provide the list of other available alternative simplified models with pros/cons for each alternative model. Thus, providing a toolbox of models to select between, each capturing different aspects of PA behavior is likely to be the most useful approach for RAN1 at this stage. A draft LS response capturing this proposal is provided in [12].
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