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1 Introduction
This contribution presents a modifiable model for a Power Amplifier (PA) that can be used as a baseline for contributions examining issues such as de-sense, coexistence and ACLR and out of band performance. This model is similar to that presented before in [1] with some very important changes:

1. The model is now scaled for WCDMA performance to the following parameters:
a. Provide 3 dB of ACLR1 headroom for WCDMA voice of 24 dBm output conducted power at the antenna

b. Have a small signal gain of 30 dB 

c. Assume a post-PA loss of 4 dBm
2. This new model has been trained to provide the capability of reaching Psat. The model, as with the one in [1] has been derived from input and output data acquisitions of a commercially available PA. The training data is based on HSUPA data at three power levels to obtain an effective high peak to average (~ 11 dB). This ensures that the obtained model parameters are valid for a significant input dynamic range. Furthermore, the higher power level data used reaches beyond the 5 dB compression point and fails ACLR1 specifications. This is essential to ensure the validity of the model with current large peak to average LTE and HSUPA+ signals and to future-proof the model for future generation standards.
3. This model is trained in the polar domain so that am-to-pm remains valid even beyond Psat. 

As with the model in [1] both Psat and the low signal gain are user modifiable to allow the users to adjust the model to different assumptions for post-PA loss and gain. See diagram below for basic UL TX diagram for reference. The lineup components except for the PA and IQ imbalance have been idealized.
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The Annex provides parameters and code for the PA model that may be used to study ACLR, spurious and desense issues pertaining to the different operating bands requirements. This model needs to be used in conjunction with a lineup model with valid impairments such as IQ imbalance and carrier feedthrough and in the case of desense also phase noise, lineup noise sources and a duplexer model. 
2 PA Model
The PA is modeled as a variable gain block in terms of am-to-am and am-to-pm factors: 

Out = Gm( |In|) * exp( j * Gp( |In|)  * In
Where Out and In are described in complex baseband and |In| is the complex magnitude of the input, Gm and Gp are both functions of |In| describing am-am and am-pm behaviour respectively. The Gain functions G(|In|) (either Gm or Gp)  are modeled as the summation of a number of polynomial terms as follows:
G(|In|) = G0 + G1 * |In| + G2 * |In|2 + G4 * |In|4 + G6 * |In|6 + …

Where for the am-to-am |G0| is the small signal gain of the PA: currently set to 30 dB. For am-to-pm |G0| is the small signal phase shift. Note that most of the odd terms are set to zero: this is based on experience on fitting these models. The even terms G2, G4 & G6 lead to efficient description of cubic, fifth and seventh order intermodulation.

As with [1], this formulation is adequate to describe intermodulation behaviour and will not address harmonics. It is suitable to predict ACLR and close in spurious behaviour. 
The following diagram illustrates the application of the above equation. Note also:
· Am-to-am clipping ( at 7.93 dBm input for achieving Psat @ 31.25 dBm output)
· Am-to-pm clipping ( at 8.70 dBm input unrelated to Psat)
· Note the different clipping locations for am-to-am and am-to-pm 

· The am-to-am clipping point is programmable and changing its value will move the am-to-pm clipping so as to preserve the shape of both am-to-am and am-to-pm curves and to maintain their relative values to each other

· Noise Figure block location (not required for the model)

· Scale factor application for unit conversion into Model units and out again

· See the appendix on further details of the polynomials and clipping points
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2.1 Characteristic Curves

The curves below show am-to-am characteristics, gain in function of input level and am-to-pm transfer function. Note the high compression and Psat in the am-to-am and gain curves. The gain curve cannot show Psat as Gain is undefined at the saturation point and beyond. The am-to-am and am-to-pm patterns (first and third plots below) are continuous and have continuous derivatives.
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2.2 Sizing the PA Model
The sizing of the PA model for LTE performance is based on acceptable performance for WCDMA as such PAs would be required to work for both [2]. The intent is to size the model using HSUPA channelizations W1 and W2 defined below:
W1 Definition: 
	DPDCH
	15
	64
	16

	DPCCH
	8
	256
	0


W2 Definition:

	DPDCH
	15
	4
	1

	E-DPCCH
	19
	256
	1

	E-DPDCH1
	134
	4
	2

	HS-DPCCH
	15
	256
	64

	DPCCH
	8
	256
	0


The W2 channelization is one of the more difficult modulations for passing ACLR1. The W1 channelization corresponds to a voice call and should pass ACLR1 easily. The detailed methodology is to scale Psat to provide a minimum 3 dB of margin for W2 ACLR1; obtaining more margin would be desirable but costly in terms of PA efficiency. As expected, results for W1 (presented in the Results section) show that a PA sized for W2 provides a lot of margin for W1. Note that when margin to spec for ACLR1 or ACLR2 is ample results may be omitted; typically this applies to ACLR2 results.  
2.3 Results

Results first show performance with WCDMA as the intent is to size the model using HSUPA channelizations W1 and W2. Further results are for LTE waveforms always using MPR (maximum power reduction). These latter results show margin and demonstrate that the strategy of sizing the PA model based on W2 3 dB margin is adequate. Other results are for restricted number of RBs to demonstrate the effect of imbalance and to help assess this effect for coexistence and desense.
2.3.1 WCDMA W2 

The model variable Psat has been sized to provide an ACLR1 performance of 36 dB for W2 (CM of 0.98 so there is no backoff allowed) with a 24 dBm output (with a 4 dB post-PA loss). This provides a small 3 dB of margin using a Psat of 31.25 dBm. The output spectral density is illustrated below as dBm per Hz and dBm per 100 kHz. 
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2.3.2 WCDMA W1 

Interestingly W1 results have a significant margin with an ACLR1 of 41 dB for the same settings as above. Further testing shows that to reduce this margin of 8 dB to just 3 dB of margin requires a reduction of Psat from 31.25 dB to 30.35 dB. This is a reduction of only 0.9 dB which underlines the sensitivity to Psat and thus is not just IM3 behaviour.
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2.3.3 LTE, 16 QAM, 20 MHz, 2dB PR
ACLR results show ample margin for the PA as sized at 2 dB backoff to 21 dBm
· EUTRA ACLR of 39 dB

· UTRA ACLR1 and ACLR2 of 42 and 45.5 dB
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2.3.4 LTE, 16 QAM, 10 MHz, 2 dB PR 
ACLR results show ample margin for the PA as sized

· EUTRA ACLR of 39 dB

· UTRA ACLR1 and ACLR2 of 40.5 and 48 dB
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2.3.5 LTE, 16 QAM, 10 MHz, 0 dB PR, (23 dBm) 

ACLR results show ample margin for the PA as sized

· EUTRA ACLR of 33 dB

· UTRA ACLR1 and ACLR2 of 34 and 43.5 dB

Results illustrate a dramatic deterioration. Clearly some power reduction is needed to provide margin to the ACLR specification.
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2.3.6 LTE, 16 QAM, 10 MHz, 44 RB, NS_02, 2 dB PR (21 dBm) 

ACLR results show ample margin for the PA as sized

· EUTRA ACLR of 40/39 dB

· UTRA ACLR1 42/41 and ACLR2 50/49 dB
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2.4 LTE, QPSK, Single RB, 10 MHz, 30 dB Imbalance, no PR

Similar to PUCCH TX
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2.5 LTE, QPSK. Single RB, 10 MHz, 26 dB Imbalance, no PR

Similar to PUCCH TX
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2.6 LTE, 16 QAM, 5 RB, 10 MHz, 30 dB Imbalance, 1 dB PR
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2.7 LTE, 16 QAM, 5 RB, 10 MHz, 26 dB Imbalance, 1 dB PR
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2.8 LTE, 16 QAM, 10 RB, 10 MHz, 30 dB Imbalance, 1 dB PR
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2.9 LTE, 16 QAM, 10 RB, 10 MHz, 26 dB Imbalance, 1 dB PR
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2.10 LTE, 16 QAM, 25 RB, 10 MHz, 30 dB Imbalance, 2 dB PR
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2.11 LTE, 16 QAM, 25 RB, 10 MHz, 26 dB Imbalance, 2 dB PR
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2.12 LTE, Single RB, 20 MHz, 30 dB Imbalance, no PR
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2.13 LTE, Single RB, 20 MHz, 26 dB Imbalance, no PR
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2.14 LTE, 16 QAM, 5 RB, 20 MHz, 30 dB Imbalance, 1 dB PR
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2.15 LTE, 16 QAM, 5 RB, 20 MHz, 26 dB Imbalance, 1 dB PR
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2.16 LTE, 16 QAM, 10 RB, 20 MHz, 30 dB Imbalance, 1 dB PR
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2.17 LTE, 16 QAM, 10 RB, 20 MHz, 26 dB Imbalance, 1 dB PR
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2.18 LTE, 16 QAM, 25 RB, 20 MHz, 30 dB Imbalance, 2 dB PR
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2.19 LTE, 16 QAM, 25 RB, 20 MHz, 26 dB Imbalance, 2 dB PR
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2.20 LTE, QPSK, Single RB, 5 MHz, 30 dB Imbalance, no PR
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2.21 LTE, QPSK, Single RB, 5 MHz, 26 dB Imbalance, no PR
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2.22 LTE, 16 QAM, 5 RB, 5 MHz, 30 dB Imbalance, 1 dB PR
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2.23 LTE, 16 QAM, 5 RB, 5 MHz, 26 dB Imbalance, 1 dB PR
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2.24 LTE, 16 QAM, 10 RB, 5 MHz, 30 dB Imbalance, 2 dB PR
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2.25 LTE, 16 QAM, 10 RB, 5 MHz, 26 dB Imbalance, 2 dB PR
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2.26 LTE, 16 QAM, 25 RB, 5 MHz, 2 dB PR
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2.27 Conclusion

This contribution presents:

1. A PA model to use in conjunction with a transceiver model for characterization of ACLR, out of band and spurious performance

2. A proposal for sizing the PA models that makes them backward compatible with WCDMA. This is justified by the stated goal in the LTE design [2] to reuse PAs designed for WCDMA.
·  The methodology consists on passing W2 ACLR1 with 3 dB of margin while transmitting 24 dBm

· Note that the CM for W2 is 0.98 so no power reduction is allowed. 

3. Results show PA model passes LTE specifications for cases analyzed with some margin, from such the NS_02 case was the tightest to meet because of ACLR2. 

4. Results so far, show that W2 ACLR1 margin is the toughest to meet for this model. This may need to be revised as HSUPA+ cases maybe of concern because of their very high peak to average.
5. Results reflecting IQ imbalance are also presented to help analyze coexistence and de-sensing issues 

The appendix below presents a methodology for modifying the model, if required to satisfy other constraints such as:

1. A different post-PA loss requiring a change of Psat 

2. Different small signal gain to accommodate a different input signal level

3 References
[1] R4-081509, Reference Power Amplifier Model for UE Transmitter Simulations, Freescale 
[2] R4-060473, LTE ACLR considerations for 5 MHz co-existence, Motorola
[3] R4-081020, Effect of power amplifier nonlinearity on self-interference, Freescale 

4 Annex: Model Parameters & Matlab Scripts
ScaleFactor:
The data as acquired in the lab is based on a peak envelope 50 Ohm assumption, i.e., power is defined as

P (Watts) = V2 / (2*50) 

That is, to convert the model to 50 Ohm rms data use a ScaleFactor of sqrt(2). To convert the model to accept one Ohm rms envelope input  and output use a ScaleFactor of 10 (sqrt( 2 * 50 Ohms)).
4.1.1 Shape Preserving Transformations:

In order to modify the defining polynomials to alter clipping point or small signal gain it is important not to alter the shape of the am-to-am and am-to-pm polynomials. This can be achieved through nominal scaling operations by scaling all the parameters by a constant: this is equivalent to scaling the output or by scaling parameters by their respective powers: this is equivalent to scaling the input. 
4.1.2 Test Script:
%% Simulator units %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% Change this sections units to suit the units of the simulator used

%

% Simulator uses 1 ohm impedance equivalent so power = Volt^2
IndBm = (-40:.001:15)';
IndBW = IndBm - 30;
InW   = 10.^( IndBW/10);
In    = sqrt( InW ); % In is in simulator units (1 Ohm equivalent)
%
% Scale factor to 50 Ohm peak units 
ScaleFactor=10;
%
% Scale from input units one Ohm units to 50 Ohm peak units of the model 
% acquisition system:
In2   = In *ScaleFactor; % Scale simulator units to model units
%
%% Model Acquisition Units from now on %%%%%%%%%%%%%%%%%%%%%%%%%%%
%
% Magnitude Parameters
mPars     = [31.62278 -72.06754 254.7261 -1107.963 2956.358 -4462.485 3782.968 -1653.647 281.8501].';
mPowers   = [0,1,2,4,6,8,10,12,14];
SGain     = 30; % dB, Small signal gain
mXmaxdBm  =  7.92656; % dBm, Input  magnitude clip point  
mYmaxdBm  = 31.25000; % dBm, Output magnitude clip point
%
% Phase Parameters
pPars     = [-1.158817 0.9172 -1.746444 0.9920975 -0.1553273].';
pPowers   = [0,1,2,4,6];
pXmaxdBm  =  8.69345; % dBm, Input  phase clip point  
pYmaxrad  = -1.18183; % rad, Output phase clip point
%
% Conversion of clipping points into Volts
% The 10 is due to units of peak Volts into 50 Ohm
mXmaxVolt = 10^( (mXmaxdBm -30)/20)*10; 
mYmaxVolt = 10^( (mYmaxdBm -30)/20)*10; 
pXmaxVolt = 10^( (pXmaxdBm -30)/20)*10; 
%
% Index clipping locations
% Find all magnitudes exceeding the magnitude clip pt
mix = find( abs( In2) > mXmaxVolt); 

% Find all magnitudes exceeding the phase     clip pt
pix = find( abs( In2) > pXmaxVolt); 

%
% Clip the inputs into the equations
mIn = abs( In2); mIn( mix) = mXmaxVolt;
pIn = abs( In2); pIn( pix) = pXmaxVolt;
%
% am-to-am equation:
Gm = zeros( size( In2));
for ii = 1:length(mPowers)
    Gm = Gm + ( mIn .^ mPowers( ii)) * mPars( ii);
end
Out = Gm .* mIn;
%
% am-to-pm
Gp = zeros( size( In2));
for ii = 1:length( pPowers)
    Gp = Gp + ( pIn .^ pPowers( ii)) * pPars( ii);
end
%
% Now we can compute the output
Out2 = exp( j * Gp) .* Out;
%
%% Back to Simulator Units %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
% Finally scale the output to simulator units
Out = Out2 / ScaleFactor; % Scale back to simulator units
%
figure,
plot(10*log10(abs( In).^2)+30,10*log10(abs( Out).^2)+30,'g.')
xlabel('Input (dBm)'),ylabel('Output (dBm)'),
title('Output vs Input Level')
grid on,
drawnow,
4.1.3 To change the small signal gain (to SGain dB):
1. Assume that previous value of the input clipping point is mXmaxdBm so the new value for mXmaxdBm is scaled by:
mXmaxdBm  = mXmaxdBm + 20*log10(abs(Pars(1)))-SGain;
2. The polynomial can be scaled non-linearly according to its powers to ensure shape preservation:
mPars     = (10^(SGain/20)/abs(mPars(1))).^(mPowers+1).*Pars;
3. Compute the output clipping point in dBm:
mXmaxV    = 10^( (mXmaxdBm-30)/20 ) * ScaleFactor;

mYmaxV    = sum( (mXmaxV .^ (mPowers+1) .* mPars) / ScaleFactor
mYmaxdBm  = 20*log10( abs( mYmaxV ) ) + 30;
4.1.4 To change the output clipping point (from YdBm to mYmaxdBm)
1. Assume that previous value of the clipping point is (mXmaxdBm, mYdBm) so mYdBm can be computed from mXmaxdBm by:
mXmaxV    = 10^( (XmaxdBm-30)/20 ) * ScaleFactor;

mYmaxV    = sum( (mXmaxV .^ (mPowers+1) .* mPars) / ScaleFactor
mYdBm     = 20*log10( abs( mYmaxV ) ) + 30;
2. The change in dB of the output clipping point:
KdB      = mYmaxdBm - mYdBm;
3. The polynomial parameterization is scaled non-linearly by KdB while preserving the shape of the distortion
mPars     = 10^(KdB/20)*10^(-KdB/20).^(mPowers+1) .* mPars;
4. The new input for the clipping point scales too
mXmaxdBm  = mXmaxdBm + KdB;
5. New small signal gain
SGain     = 20*log10(abs(Pars(1)));
6. Phase polynomial and clipping point are scaled as well
pPars     = 10^(KdB/20)*10^(-KdB/20).^pPowers .* pPars;
pXmaxdBm  = APXmaxdBm + KdB;
pXmaxV    = 10^(( pXmaxdBm -30)/20) * ScaleFactor;

pYmaxrad  = pPars( 1) + sum( ( pXmaxV .^ pPowers(2:end) ) .* pPars(2:end));









