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1. Introduction
Recently non-contiguous intraband uplink CA was approved as a work item in 3GPP. The wider modulation bandwidths allowed by this new work changes the nature of the waveforms seen by the UE power amplifiers.
RAN4 relies on accurate PA models to arrive at performance specifications for the UE. In most cases these models are AMAM and AMPM memoryless models that are derived from measurement of devices.
In this submission we examine the performance of these models for some commercial PAs. From this we can determine if these models are usable for specification development.

The document discuses the subject as follows
· Memoryless Model performance for 20MHz waveforms

· Memoryless Model performance for non-contiguous 54 MHz waveforms
· Memory Modeling Performance

· Proposals and Conclusions

2. Memoryless Model Performance for 20MHz Waveforms

To begin we look at the accuracy of memoryless models narrower bandwidth LTE waveforms to confirm the model performance is adequate.
We chose a 100 RB 16QAM waveform because we have found that the wider modulation bandwidths tend to be more difficult to model accurately. If the model performs well this is an indication that the modeling was successful.

Each of the devices is a commercially available PA that was measured on the test bench. Then models were created and the model performance was compared to the measured performance.

Each PA was measured from 18 to 28 dBm output power and this measurement was compared to the model output. In each case the model performance was quite good. 

In the next section we will compare these same models to a waveform that would be seen in intraband non-contiguous CA.
Band 12 20MHz Waveform
The accuracy of the mode is quite good for predictuing the spectrum of a 20MHz 100RB waveform 
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 SHAPE  \* MERGEFORMAT 



Model Performance at 26 dBm

 SHAPE  \* MERGEFORMAT 
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Model Performance at 28 dBm

Band 5 20MHz Waveform

The accuracy of the mode is quite good for predictuing the spectrum of a 20MHz 100RB waveform.
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Model Performance at 18 dBm
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Model Performance at 20 dBm
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Model Performance at 22 dBm
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Model Performance at 24 dBm
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Model Performance at 26 dBm
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Model Performance at 28 dBm

Band 13 20MHz Waveform

The accuracy of the mode is quite good for predictuing the spectrum of a 20MHz 100RB waveform.
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Model Performance at 18 dBm
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Model Performance at 20 dBm
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Model Performance at 22 dBm
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Model Performance at 24 dBm
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Model Performance at 26 dBm
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Model Performance at 28 dBm
Band 40 20MHz Waveform

The accuracy of the mode is quite good for predictuing the spectrum of a 20MHz 100RB waveform.
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Model Performance at 18 dBm
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Model Performance at 20 dBm
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Model Performance at 22 dBm
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Model Performance at 24 dBm
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Model Performance at 26 dBm
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Model Performance at 28 dBm

Band 8 20MHz Waveform

The accuracy of the mode is quite good for predictuing the spectrum of a 20MHz 100RB waveform.
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Model Performance at 18 dBm
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Model Performance at 20 dBm
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Model Performance at 22 dBm
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Model Performance at 24 dBm
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Model Performance at 26 dBm
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Model Performance at 28 dBm

3. Memoryless Model Performance with 100RB+100RB Non-Contiguous Waveforms
In this section we examine the spectral accuracy of the memoryless models with a waveform that is a comprised of two 16QAM 100 RB waveforms spaced 40 MHz apart (center to center). This waveform was chosen because measurements we performed showed that this was a difficult waveform for the PA model accuracy. 
For example a memoryless model can more easily perform with a 25+25 RB waveform than the 100+100RB shown (with the outer RBs in the same position). It is also important to note that spacing the RBs even wider is likely to increase the memory effect and thus the model error. This could occur in some bands. The spacing was chosen due to some limitation in the test equipment setup.

For each of the PAs tested the memoryless models show a significant amount of spectral error. For this reason the models are not suitable for predicting the performance of the real PA.
Plots for each of the PAs follow below.

Band 12

This PA exhibits a significant amount of memory effect, and therefore the memoryless PA model can not accurately predict the power spectrum.
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Model Performance at 18 dBm
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Model Performance at 20 dBm
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Model Performance at 22 dBm
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Model Performance at 24 dBm
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Model Performance at 26 dBm
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Model Performance at 28 dBm

Band 5

This PA exhibits a significant amount of memory effect, and therefore the memoryless PA model can not accurately predict the power spectrum.
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Model Performance at 18 dBm
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Model Performance at 20 dBm
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Model Performance at 22 dBm
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Model Performance at 24 dBm
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Model Performance at 26 dBm
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Model Performance at 28 dBm

Band 13

This PA exhibits a significant amount of memory effect, and therefore the memoryless PA model can not accurately predict the power spectrum.
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Model Performance at 18 dBm
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Model Performance at 20 dBm
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Model Performance at 22 dBm
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Model Performance at 24 dBm
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Model Performance at 26 dBm
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Model Performance at 28 dBm

Band 40

This PA exhibits a significant amount of memory effect, and therefore the memoryless PA model can not accurately predict the power spectrum.
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Model Performance at 18 dBm
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Model Performance at 20 dBm
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Model Performance at 22 dBm
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Model Performance at 24 dBm
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Model Performance at 26 dBm
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Model Performance at 28 dBm

Band 8

This PA exhibits a significant amount of memory effect, and therefore the memoryless PA model can not accurately predict the power spectrum.
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Model Performance at 18 dBm
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Model Performance at 20 dBm
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Model Performance at 22 dBm
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Model Performance at 24 dBm

[image: image59.jpg]psd [dBm/55kHz

—— psd modeled — psd measured

' '
N o & & A
o [=] =1 =] o

-200

-100

0
freq [MHz]

100

200




Model Performance at 26 dBm
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Model Performance at 28 dBm

4. Memory Modeling Approaches for 100 + 100 RB at 22dBm
In the section above we showed memoryless modeling does not work well for any of these Pas. In this section we will examine a few different memory modeling techniques. To try to simplify the problem we will choose 22 dBm as the power level. At his power level these PAs tend to exhibit significant memory so this is why this level was chosen. 

For this B40 PA Memoryless modeling at 22 dBm does not give good results for this PA. This is shown in the figure below and is the starting point.
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Memoryless Modeling at 22 dBm

The first memory modeling technique shows some improvement, but the accuracy is still not good.
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Memory Modeling Technique 1 at 22 dBm

A second memory modeling technique shows more improvement over the first.
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Memory Modeling Technique 2 at 22 dBm

A third memory modeling technique shows more improvement over the first 2, but there is some unexpected frequency shifting in the OOB spectrum.
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Memory Modeling Technique 3 at 22 dBm

Three techniques were applied to modeling this B40 PA. Each of them resulted in different accuracy. The third method might be considered to be acceptable at this power level, this is questionable.
Memory modeling has shown improvement, however there are many different variants of memory modeling. From this we conclude that if memory modeling is to be used for RAN4 some validation by measurement should be included.
5. Waveform Dependence and Memory Models

In this section we look at the accuracy of memory models for 3 different waveforms 25+25, 50+50 and 100+100 RB. 
The top plot is the B40 PA 25+25, the middle is 50+50 and the bottom is 100+100. 
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Waveform Dependency of Memory Model at 22 dBm

For 25+25 the model shows pretty good, and probably acceptable accuracy, within about 2dB out to 100 MHz. 50+50 looks slightly better. As the waveform is changed to 100+100 the error is 5 or 6 dB.
We conclude that memory modeling can be waveform dependent. If memory modeling techniques are used for RAN4 specification development the models should be verified with measurement for various waveforms.
A particular technique could work well for some waveforms but not for others.

Overall if memory modeling is employed the accuracy of the model should be verified over a number of different waveforms.
6. Power Dependence and Memory Models
For this B40 PA we plotted the performance of one of the best performing memory models over power.
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Memory Model Performance at 18 dBm
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Memory Model Performance at 20 dBm
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Memory Model Performance at 22 dBm
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Memory Model Performance at 24 dBm
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Memory Model Performance at 26 dBm

The models perform differently as the waveform power changes. In some spectral regions there is 5 or 10 dB differences between what the model predicts and what is measured.  This is a significant difference. It is challenging to create an accurate model over the power range.
Conclusions
All of the PAs studied exhibited low memory when modeled with 100 RB waveforms, but significant memory when wider waveforms were applied. 

Conclusion 1 – UE Pas exhibit significant memory effect and memoryless AMAM and AMPM models do not produce accurate results for wider bandwidths (54MHz was studied here). 
In section 4 we showed that memory modeling techniques varied in how well they performed. 

Conclusion 2 – Memory modeling can improve the performance of the PA models however there are many variants of memory modeling and some may work while the others may not.

In section 5 we showed that a chosen memory modeling technique may perform well for some waveforms but not for others.
Conclusion 3 – The performance of memory models is waveform dependent.
In section 6 we showed that a model may perform well at some power levels, but the accuracy may degrade at other power levels. 

Conclusion 4 - The performance of memory models is power dependent.
Overall we have shown that use of PA models for non-contiguous CA waveforms requires validation by measurement over different waveforms and different power levels. RAN4 members who have been working with PA models for narrower waveforms are of course aware that model validation is should be, and in most cases has been part of the process.

As the waveforms change and the PA begins to exhibit memory modeling becomes tricky. The PA reacts differently for different waveforms and finding a single model for these conditions is hard (although maybe not impossible).

RAN4 should take these conclusions into consideration as the requirements for non-contiguous intraband CA are developed.

Conclusion 5 – Overall, if modeling is used to develop RAN4 specs measurement should be provided to validate the model accuracy over power and for various waveforms. The exact waveforms and power levels for validation are FFS.

3GPP
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