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Introduction 
In RAN4 #79, based on a received LS from RAN1 on PA models for NR waveform evaluation, a discussion on PA models was initiated. Several general models capturing the memory effect as well as memoryless models without any parameterization were presented in [1].
Agreement was reached to send a LS response stating that parameterized RAPP model which is a memoryless PA model can be initially used for wave form evaluation as the simplified RAPP model that in some sense capture the PA nonlinearities. It was also agreed that other more advanced models capturing the memory effects are not precluded for future use either for waveform evaluation or other purposes both in RAN1 and RAN4. The discussion on PA models continued further on the RAN1 reflector where the elaborated discussions still concerned the RAPP model.
In this paper, given the larger bandwidth envisaged for NR, a more advanced model with proper parameterization and which captures the memory effects is presented. 

Discussion
The purpose of a PA behavioural model is to describe the input-to-output relationship as accuratly as possible. State-of-the-art approaches lean on a fundament of the so called Volterra series consisting of a sum of multidimensional convolutions. Volterra series are able to model all weak nonlinearities with fading memory and thus are feasible to model conventional PAs aimed for linear modulation schemes. In [1] various subsets of discrete time Volterra series are presented leading to the proposed Generalized Memory Polynomial (GMP) model that will be used in this paper to model PAs.
The GMP model used here is a slightly modified version of equation 24 in [1] and is given by

where  and  represent the complex baseband equivalent output and input, respectively, of the model. The first term represents the double sum of so called diagonal terms where the input signal at time shift , ; , is multiplied by different orders of the time aligned input signal envelope ; . The triple sum represents cross terms, i.e. the input signal at each time shifts is multiplied by different orders of the input signal envelope at different time shifts. 
The GMP is linear in the coefficients,  and, which caters for robust estimation based on input and output signal waveforms of the PAs to be characterized.
As a complement to the above, also memoryless polynomial models have been derived based on:

In this paper, proposals for realistic parameterized PA models based on GMP are given where the parameterization is based on empirical measurements or advanced circuit simulations of designed PAs. The pre-conditions for the presented parameterization are as following:
The PA models aim to fulfil RAN4 requirements on unwanted emission (spectrum emission masks and ACLR) as well as signal quality. Although the models have been derived for a particular operating point, the same parameterized models apply at operating points of the PA as long as the expected performance criterion stated above is fulfilled. Thus the model can be used for waveform evaluations when considering both BS side and UE side ACLR requirements. (Of course, it is the UE PA behaviour that is likely to have the largest impact on waveform selection).
[bookmark: _GoBack]Note that it is a reasonable assumption that for PA models below 6 GHz, the requirements in current specifications (in particular the MSR specification) should apply. For mm-wave frequencies, as there is no 3GPP specification today, the requirements might differ compared to below 6 GHz. However an ACLR in the range of 35 dB seems to be sufficient for the mm-wave frequencies. If needed, the operating point can be adapted to achieve the desired ACLR
Memory polynomial PA model
Due to possible difference in requirement levels for frequency bands below 6 GHz compared to mm-wave frequencies and availability of different PA technologies, the following GMP models are presented:
1. 2.1 GHz PA model with and without memory (based on measurements of commercially available GaAs PA).
2. 2GHz PA model with and without memory (based on measurement of GaN PA).
3. 28GHz CMOS PA model with and without memory (based on circuit simulations of designed PA).
4. 28GHz GaN PA model with and without memory (based on circuit simulations).
The 2 GHz PA models as well as 28 GHz PA models discussed in this paper are representative for frequency bands below 6 GHz and mm-wave frequencies respectively. 
Even though we present two equally relevant PA models for e.g. 28 GHz which is applicable for mm-wave frequency ranges, we would recommend RAN4 to adopt one of the two models for sake of simplicity. The GaN model is our preliminary proposal for 28GHz and the GaAs for 2GHz.
The memoryless polynomial models are defined by coefficients  and will be presented in MATLAB notation as column vector . 
The GMP models are defined by the set of coefficients  and  and will be represented as follows:
 is specified as one column vector for each value of : 
 is specified as one column vector for each value of   and : 
All models have been normalized with respect to input such that the valid input range is given by  while the small signal gain is unity (0dB). The accuracy of each model is specified as Normalised Mean Square Error (NMSE) between the modelled PA output and the measured/simulated PA output. The presented NMSE indicate very good agreement between the models and measurements.
The models have been derived based exercising the PAs with an OFDM signal with PAPR reduced to 7.5dB and with the signal level tuned to yield a non-linearized output ACLR around 30-35dB. This level of ACLR does by no means limit the use of the PA model for other ACLR targets but merely represents to what extent the nonlinear characteristics of the PAs have been exercised during characterization.

PA model for ~2 GHz commercially available GaAs with 40MHz signal bandwidth
The first model is based on a commercially available GaAs PA designed for operation at 2.1GHz (band 1). The model has been derived from measurements with input and output data at a sample rate of 307.2 MHz and an input signal bandwidth of 40 MHz. 
The memoryless model has -31.5dB NMSE and is defined by:
:
[-0.618347-0.785905i; 2.0831-1.69506i; -14.7229+16.8335i; 61.6423-76.9171i;
-145.139+184.765i; 190.61-239.371i; -130.184+158.957i; 36.0047-42.5192i]

The corresponding GMP model has -38.1dB NMSE and is defined by:
:
:
[0.0145707+0.00223568i; 0.0166021+0.0884597i; -0.170987-0.889998i; 0.398012+4.25717i;
-0.922915-11.5296i; 1.51648+16.8822i; -1.31708-12.4992i; 0.443603+3.66282i]
:
[-0.0730384-0.0608598i; 0.316437-0.130488i; -2.64289+1.95766i; 13.9617-8.92706i;
-35.9884+25.271i; 49.5323-38.9777i; -34.8388+30.1032i; 9.83576-9.12289i]
:
[-0.369392-0.616894i; 0.582141-1.54129i; -4.2332+13.9746i; 15.4346-56.4738i;
-34.026+106.817i; 42.3779-83.2642i; -26.6004+5.86237i; 6.4982+15.2082i]
:
[-0.109009-0.0382752i; 1.34619-0.303139i; -7.57533+2.07457i; 30.8214-7.83883i;
-71.9119+13.7515i; 94.7172-10.8742i; -65.1891+3.05573i; 18.1882+0.14561i]
:
[0.0913878+0.029207i; -0.205695-0.0047561i; 0.436792+0.098933i; -0.0447736+0.802472i;
-1.91069-3.64271i; 3.53201+6.10853i; -2.64467-4.81807i; 0.741402+1.46945i]
:
:
[-0.0732748-0.0617029i; 1.04861+0.216692i; -7.53774-2.85579i; 29.348+11.8762i;
-68.0727-19.8783i; 92.0079+4.93057i; -66.4247+17.5978i; 19.6384-12.2782i]
:
[-0.108885-0.0392921i; -0.65351-0.122316i; 2.7747+3.26333i; -6.41902-23.391i;
9.68476+79.745i; -10.5191-141.613i; 6.89414+125.231i; -1.92908-43.441i] 

Figure 1 and Figure 2 show the gain and phase characteristics of the GMP and static model using the same OFDM signal that was used for model estimation.
[image: ]
Figure 1 Gain characteristics of 2.1GHz GaAs PA, (blue) GMP model (red) static model. 
[image: ]
Figure 2 Phase characteristics of 2.1GHz GaAs PA, (blue) model (red) static model.

Proposal 1: The 2GHz GaAs model should be sent to RAN1 as a more detailed model for waveform evaluation.

PA model for ~2 GHz, GaN 
The second model is based on a GaN PA designed for operation at 2.1GHz (band 1). The model has been derived from measurements with input and output data at a sample rate of 200 MHz and a signal bandwidth of 40 MHz. 
The memoryless model has -34.5dB NMSE and is defined by:
:
[0.999952-0.00981788i; -0.0618171+0.118845i; -1.69917-0.464933i;
3.27962+0.829737i; -1.80821-0.454331i]

The corresponding GMP model has -40.6dB NMSE and is defined by:
:
:
[-0.0625941-0.0142818i; 0.0956533+0.00900184i; -0.197256-0.0252242i;
0.235044+0.0097242i; -0.101881+0.00776414i]
:
[0.176832+0.0265921i; -0.411554-0.0417628i; 0.795672+0.146965i;
-0.904609-0.134671i; 0.364885+0.0256412i]
:
[0.930707-0.0506493i; -0.134627+0.195504i; -1.4589-0.410569i;
2.97014+0.552334i; -1.66244-0.229841i]
:
[-0.000408452+0.0188736i; 0.573671-0.0891485i; -1.43878-0.0446107i;
1.88831+0.11494i; -0.898231-0.0576903i]
:
[-0.114268+0.0207177i; -0.163861-0.0420654i; 0.454916+0.223106i;
-0.606208-0.294749i; 0.279233+0.126344i]
:
:
[0.0946171-0.0134503i; -0.22721+0.102407i; 0.825701-0.485074i;
-1.35047+0.945727i; 0.754396-0.612916i]
:
[-0.0238986+0.00753547i; 0.224223-0.0511775i; -0.811315+0.176395i;
1.31147-0.269401i; -0.699496+0.152096i]
Figure 3 and Figure 4 show the gain and phase characteristics of the GMP and static model using the same OFDM signal that was used for model estimation.
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Figure 3 Gain characteristics of 2.1GHz GaN PA, (blue) GMP model (red) static model. 
[image: ]
Figure 4 Phase characteristics of 2.1GHz GaN PA, (blue) GMP model (red) static model. 

PA model for ~28 GHz, CMOS 
The third model is based on advanced circuit simulation of a CMOS PA research prototype. The model has been derived with input and output data at a sample rate of 2.281 GHz and a signal bandwidth of 400 MHz.
The memoryless model has -32.1 dB NMSE and is defined by:
:
[0.491576+0.870835i; -1.26213+0.242689i; 7.11693+5.14105i; -30.7048-53.4924i;
73.8814+169.146i; -96.7955-253.635i; 65.0665+185.434i; -17.5838-53.1786i]

The corresponding GMP model has -41.7dB NMSE and is defined by:
:
:
[-0.0109821+0.00313982i; -0.00397658-0.0427409i; -0.171194+0.151692i; 0.879844-0.0235651i;
-1.97684-0.862044i; 2.32524+1.99694i; -1.34472-1.77602i; 0.289959+0.559338i]
:
[0.473465+0.860276i; -0.953417+0.640666i; 1.9899-2.3847i; 7.5417+6.38381i;
-64.8415-60.8762i; 159.01+189.579i; -167.466-225.579i; 65.4247+92.5967i]	
:
[0.0164844+0.00671299i; -0.0198519+0.177212i; 0.669594-0.543745i; -2.98038-0.279477i;
6.6717+4.50511i; -8.26935-9.04627i; 5.42365+7.52782i; -1.47259-2.32623i]
:
:
[-0.000292543-0.0150556i; -0.122202-0.283752i; 2.56792+4.68957i; -18.4244-34.2816i;
66.3648+126.766i; -124.066-239.871i; 115.273+220.218i; -42.1527-77.6225i] 
:
[0.0163452+0.00969618i; -0.281971-0.188069i; 3.35025+3.60649i; -24.5434-31.1539i;
87.5451+124.093i; -157.821-243.086i; 139.85+227.416i; -48.6255-81.0794i]
Figure 3 and Figure 4 show the gain and phase characteristics of the GMP and static model using the same OFDM signal that was used for model estimation.
[image: ]
[bookmark: _Ref456703510]Figure 5 Gain characteristics of 28GHz CMOS PA, (blue) GMP model (red) static model.
[image: ]
[bookmark: _Ref456703512]Figure 6 Phase characteristics of 28GHz CMOS PA, (blue) GMP model (red) static model.

PA model for ~28GHz, GaN 
The fourth model is based on advanced circuit simulation of a GaN PA research prototype. The model has been derived with input and output data at a sample rate of 2.281 GHz and a signal bandwidth of 400 MHz.
The memoryless model has -33.4dB NMSE and is defined by:
:
[-0.334697-0.942326i; 0.89015-0.72633i; -2.58056+4.81215i;
4.81548-9.54837i; -4.41452+8.63164i; 1.54271-2.94034i]

The corresponding GMP model has -41.1dB NMSE and is defined by:
:
:
[0.023307+0.0467845i; -0.0257521+0.0511316i; 0.083841-0.334476i;
-0.168793+0.770187i; 0.161316-0.770897i; -0.0568524+0.279384i]
:
[-0.045146-0.16848i; 0.131447-0.1201i; -0.320679+0.930956i;
0.604716-2.09601i; -0.594149+2.05955i; 0.22185-0.744002i]
:
[-0.268916-0.707247i; 0.722109-0.647857i; -2.04126+3.97994i;
3.57012-7.51441i; -3.00197+6.42268i; 0.936088-2.05401i]
:
[-0.0539225-0.119444i; 0.081078-0.0363615i; -0.297265+0.246711i;
0.591961-0.510012i; -0.542816+0.502644i; 0.186803-0.187022i]
:
[0.022577+0.04227i; 0.0085171-0.00686566i; -0.0110846+0.0177386i;
0.0157497-0.00255606i; -0.0231175-0.0213148i; 0.012631+0.0109949i]
:
:
[-0.00997684-0.0214876i; 0.04625-0.0124587i; -0.315178+0.16066i;
0.841832-0.395568i; -1.02048+0.442096i; 0.463711-0.197228i]
:
[-0.0138413-0.0283711i; 0.0103081-0.0570896i; -0.0723643+0.440087i;
0.399287-1.24045i; -0.712003+1.50792i; 0.402778-0.661505i]
	
Figure 7 and Figure 8 show the gain and phase characteristics of the GMP and static model using the same OFDM signal that was used for model estimation.
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[bookmark: _Ref456624546]Figure 9 Gain characteristics of 28GHz GaN PA, (blue) GMP model (red) static model. 
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[bookmark: _Ref456624548]Figure 10 Phase characteristics of 28GHz GaN PA, (blue) GMP model (red) static model.

Proposal 2: The 28GHz GaN PA model presented in this paper should sent to RAN1 as a more detailed model for waveform evaluation.


Conclusion
In this paper, given the pre-conditions that the PA model should fulfill some critical RAN4 requirements and that the model is applicable regardless of the PA operating point, a full parameterized PA model based on memory polynomial was presented here. 4 different PA models representing below 6 GHz frequencies as well as mm-wave frequency ranges based on different technologies were presented. Given the need for proper PA models either for waveform evaluation or other purposes, we propose RAN4 to adopt the models both for below 6 GHz frequency ranges and mm-wave frequency ranges presented in this paper.
Proposal1: The 2GHz GaAs PA model presented in this paper should be used for waveform evaluation.
Proposal2: The 28GHz GaN PA model presented in this paper should be used for waveform evaluation.
As the advanced models presented in this paper can be used in the waveform evaluation discussion and thus possibly an LS should be send to RAN1 informing the RAN1 on availability of more advanced models that would capture the memory effects.
Proposal 3: RAN4 to send LS to RAN1 on the GMP models to be used for further evaluation of waveforms or other studies in RAN1.
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